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Abstract

Duck hepatitis A virus (DHAV) (Picornaviridae) causes an infectious disease in ducks which results in severe losses in duck
industry. However, the proper antiviral supportive drugs for this disease have not been discovered. Polysaccharide is the main
ingredient of Astragalus that has been demonstrated to directly and indirectly inhibit RNA of viruses replication. In this study, the
antiviral activities of Astragalus polysaccharide (APS) and its derivatives against DHAV were evaluated and compared. APS was
modified via the sodium trimetaphosphate and sodium tripolyphosphate (STMP-STPP) method and chlorosulfonic acid-pyridine
method to obtain its phosphate (pAPS) and sulfate (SAPS), respectively. The infrared structures of APS, pAPS, and sAPS were
analyzed with the potassium bromide disc method. Additionally, the antiviral activities were evaluated with the MTT ((4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) method in vitro and the artificial inoculation method in vivo. The clinical therapy
effects were evaluated by mortality rate, liver function-related biochemical indicators, and visual changes in pathological anatomy.
The anti-DHAV proliferation effects of APS, pAPS, and sAPS on the viral multiplication process in cell and blood were observed
with the reverse transcription-polymerase chain reaction method. The results revealed that pAPS inhibited DHAV proliferation
more efficiently in the entire process of viral multiplication than APS and sAPS. Moreover, only pAPS significantly improved the
survival rate to 33.5% and reduced the DHAV particle titer in the blood as well as liver lesions in clinical trials. The results indicated
that pAPS exhibited greater anti-DHAV activity than APS and sAPS both in vitro and in vivo.
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Introduction the dried root of A. membranaceus has primarily been used

to treat the common cold, diarrhea, fatigue, and anorexia.’
Astragalus polysaccharide (APS), which is characterized as a
(1—4)-linked dextran backbone with a (1— 6)-linked branch
every 10 residues’ (Figure 1), is the primary bioactive ingre-
dient of A. membranaceus. Kallon et al.® reported that APS
could significantly inhibit the HIN2 virus in chick embryo
fibroblasts monolayers. Therefore, APS was hypothesized to
exhibit antiviral activities against DHAV.

Early research also reported that sulfated APS (sAPS)
possessed stronger anti-HIV activity than APS,” which had
been broadly used for numerous animal diseases, including
infectious bursal disease virus and porcine reproductive
and respiratory syndrome."” However, the sulfation process

Duck hepatitis A virus (DHAV) caused an acute, contagious,
rapidly spreading, and highly lethal infectious disease that
was first recorded in New York, USA in 1949.! Currently,
this disease remains one of the most severe diseases in the
duck industry. In traditional Chinese medicine, polysac-
charides are among the most important active ingredients
that exhibit antiviral activity. Recent efforts have primarily
been dedicated to the development of polysaccharides and
their derivatives that function as inhibitors of RNA viruses.?
There have been studies indicated that chemical modifica-
tions, such as sulfation, can enhance the antiviral activities
of polysaccharides. For example, the sulfated polysac-
charides of Caesalpinia ferrea inhibited the replication of

poliovirus in vitro.?

Astragalus  membranaceus is the member of the
Leguminosae family and is widely distributed in temperate
regions.*”> Throughout the history of Chinese herb use,
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is characterized by difficult requirements, a complex oper-
ation and serious environmental pollution. Moreover, the
experiment of Chen et al."' revealed that sAPS could not
efficiently reduce the mortality of the ducklings infected

Experimental Biology and Medicine 2017; 242: 344-353



Figure 1 The chemical structure of APS

with DHAV. While the phosphorylation modification
method discovered by Xiong et al.'” is easy to maintain,
less labor, and is environmentally friendly. Besides, phos-
phorylated icariin can improve the survival rate of the
ducklings infected with DHAV and exhibits a better cura-
tive effect than icariin. In this study, APS was modified
by using the sodium trimetaphosphate and sodium tripo-
lyphosphate (STMP-STPP) method which was first used
by Muhammad et al. to modify the sago starch,'® and the
product’s anti-DHAV activity was compared with that of
sAPS and APS in vitro and in vivo.

Materials and methods
Reagents and virus

STMP (lot no. L1226014) was purchased from the Aladdin
Company. STPP (lot no. 20120706) was manufactured by
the Hushi Company. Pyridine (Pyr, lot no. 20130112) was
procured from the Chengdu Kelong Chemical Industry
Company. Chlorosulfonic acid (lot no. 080421) was pur-
chased from the Shanghai Ling Feng Chemical Company.
RNAiso Plus Reagent (lot no. 9108), PrimeScript™ RT
Master Mix Kits (lot no. AK3101), and SYBR® Premix Ex
Taq™ (Tli RNaseH Plus) Kits (lot no. AK4704) were pur-
chased from Takara. DHAV (LQ2 strain, LDsg: 5 x 107°) was
supplied by the Shandong Institute of Poultry in China.

Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with penicillin (100 TU/mL™"), streptomycin
(100TU/mL™") and 10% fetal bovine serum was used as
the nutritive medium. The maintenance medium (MM)
was identical to the nutritive medium with the exception
that the fetal bovine serum was reduced to 1%. Dulbecco’s
Hank’s balanced salt solution (D-Hank’s) was used to
wash the tissues and cells. All reagents for the in vitro
experiments were pH-adjusted to 7.4 using 5.6% NaHCO;
and stored at 4°C. Trypsin (Amresco) was dissolved
to 0.2% with D-Hank’s and stored at —20°C. The 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Amresco) was dissolved in calcium- and magne-
sium-free phosphate-buffered saline at 5mg/mL~" and
stored at 4°C. These reagents were filtered through 0.22-
pum syringe filters. The other chemicals used in the experi-
ments were analytical grade.
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Preparation of APS, sAPS, and pAPS

APS was extracted from A. membranaceus by water decoc-
tion and the ethanol precipitation method. The decoction
pieces were decocted three times with 10-fold water for
1.5h per cycle. The decoctions were combined and concen-
trated until the concentration of materia medica was
1g/mL~". Next, the concentrate was centrifuged to
remove the impurities. Ethanol (95%) was added slowly
to the supernatant to ensure that the final concentration
was 75% (v/v). Following static settlement for 12 h, the pre-
cipitate was dried at 60°C for 24h. The crude APS was
purified with the Sevage method and column chromatog-
raphy with DEAE column and Sephacryl-5400.” The
phenol-sulfuric acid method was used to determine the
polysaccharide content, which was 93.36%.

The chlorosulfonic acid-pyridine method was used to
prepare the sAPS.! The sulfating reagent was a com-
pound of chlorosulfonic acid and pyridine (1:6) that was
mixed in an ice bath. Four hundred milligrams of APS
were added, and the solution was stirred for 1h at 95°C.
The reaction was terminated with 100mL of ice water.
When the solution cooled to room temperature, it was
neutralized with saturated NaOH, dialyzed and lyophi-
lized to obtain sAPS. The sAPS content was 97.06%,
which was calculated as the sum of the polysaccharide
content determined by the phenol-sulfuric acid method
and the sulfur content determined by the barium chlor-
ide-gelatin method."

pAPS was prepared with the STMP-STPP method.'* In
brief, APS was dissolved in distilled water, and STMP and
STPP were combined at a ratio of 5:2, then two solutions
mentioned above were combined, and the reaction was per-
formed in a 70°C water bath kettle for 4 h. The product was
dialyzed and lyophilized to obtain pAPS. The pAPS content
was 99.06%, which was calculated as the sum of the poly-
saccharide content as determined with the phenol-sulfuric
acid method and the phosphate content as determined with
the ascorbic acid method."®

The FT-IR spectra of APS, sAPS, and pAPS were deter-
mined over the wavelength range of 400-4000cm ™" and
recorded using the potassium bromide disc method"”
with a Nicolet FT-IR 360 spectrophotometer (Nicolet). The
absorption peaks were analyzed with OMNIC software
(Nicolet Instruments Corp.).
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Anti-DHAV activity in vitro

The duck embryo hepatocytes (DEHs) were prepared from
the livers of 14- or 15-day-old duck embryos, which were
minced, digested with 0.2% trypsin and seeded at 0.8 x
107%-1.2 x 10 ®cells/mL ™" in 96-well plates."® The 96-well
plates with monolayer DEHs were divided into cell control
(CC), APS, sAPS, and pAPS groups. Three polysaccharides
were, respectively, diluted to 5000 ug/mL ™", 1000 pug/mL ",
and 500 pg/ mL~" with MM and added into the 96-well
plates at 100 uL. After incubation in 5% CO, at 37°C for
96 h, the cytoactivities of the DEHs monolayer were mea-
sured with the MTT method."

APS, sAPS, and pAPS were diluted from maximum safe
concentrations with MM. The 96-well plates with DEHs
monolayer were divided into CC, virus control (VC), APS,
sAPS, and pAPS groups. The virus was diluted with MM
and then added to the DEHs monolayer of each group
with the exception of the CC group at 100 uL per well.
After incubation in 5% CO, at 37°C for 2 h, the virus dilu-
tions were removed, and the plates were washed with
D-Hank’s three times. One hundred microliters of the
dilutions of the different dilutions were added to corres-
ponding wells of the test groups, and 100pL MM was
added in the CC and the VC groups. Five repetitions were
performed for each concentration. Subsequently, the cytoac-
tivities of the DEHs monolayer was measured with the MTT
((4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide) method after incubation in 5% CO, at 37°C
for 96h. The virus inhibition rates were calculated
according to the following formula: virus inhibition rate =
(As70(Test Group) — Aszo(ve))/ (Aszoco) — Aszovey) x100%.

Anti-DHAV proliferation assay in DEHs with reverse
transcription-polymerase chain reaction

Virus adsorption. The monolayer DEHs in the 24-well
plate were infected with DHAV at 400 uL per well with
the exception of the CC group and maintained at 4°C for
1h. After removing the supernatant and washing cells with
D-Hank’s three times, 400 uL per well of the dilutions
were added into the plate at the peak antiviral concentra-
tion of each treatment. Three repetitions per treatment were
performed. The plate was then stored at 4°C for 1h.
The supernatant was removed, and the cell cultures were
washed five times with phosphate buffered saline (PBS).
Following the extraction of the total RNA, reverse transcrip-
tion-polymerase chain reaction (RT-PCR) was employed to
quantify the amount of the virus.

RT-PCR analysis: The total RNA was extracted from the
monolayer DEHs using RNAiso Plus Reagent according to
the manufacturer’s instructions, and the ODy4/OD,go was
verified to be between 1.8 and 2.1. The reverse transcription
was performed at 37°C for 15min, 85°C for 5s, and 4°C for
7min in a PCR instrument (2720 Thermal Cycler PCR
instrument Applied Biosystems, USA). Real-time PCR
was performed at 95°C for 30s, 95°C for 5s (35 cycles),
and 60°C for 30s in the PCR instrument (StepOnePlus™
Real Time PCR instrument, Applied Biosystems, USA)
using a SYBR® Premix Ex Taq'™ (Tli RNaseH Plus) Kit.
The real-time PCR primers detailed in a previous study?

were as follows: DHAV forward, 5-GCCACCCTTCCT
GAGTTTGT-3' (positions: 3336-3355) and reverse, 5'-
TACCATTCCACTTCTCCTGCTT-3' (positions: 3489-3510);
and beta-actin forward, 5-CTTTCTTGGGTATGGAGT
CCTG-3' (positions: 826-847) and reverse, 5-TGATTTTC
ATCGTGCTGGGT-3' (positions: 995-1014).

Viral replication. DHAV (400 uL) was added into each well
of the 24-well plate with the exception of the well of the CC
group, and the plate was maintained at 4°C for 1h. The cell
cultures were washed three times with D-Hank’s. APS,
PAPS, and sAPS were diluted to the most effective antiviral
concentrations and added into the wells of the appropriate
treatment groups at 400 pL per well. Each group had three
repetitions. The plate was incubated at 37°C in 5% CO, for
12 h. After washing the plate with PBS three times and the
extraction of the total RNA, RT-PCR was performed to quan-
tify the amounts of virus following total RNA extraction.

Viral release. DHAV (400 uL) was added into each of the
24-well with a monolayer DEHs with the exception of
the CC group, and the plate was then maintained at 4°C
for 30h. The infected DEHs monolayer was washed with
D-Hank’s and treated with the polysaccharide dilutions at
the peak antiviral concentrations at 400 pL per well and
three repetitions per group. Next, the plate was maintained
at 37°C in 5% CO, for 4 h. The supernatants were gathered
in no-enzyme tubes and mixed with 1.0x10° DEHs.
RT-PCR was performed to quantify the amounts of virus
following total RNA extraction.

Clinical anti-DHAV effect

Three hundred three-day-old ducklings (Anas platyr-
hynchos, purchased from Chaoyang hatchery, Anhui,
China), excluding those in the blank control (BC) group
(60 feathers), were intramuscularly injected with 0.2mL
(10 LDsp) DHAV and randomly divided into the following
four groups: APS, sAPS, pAPS, and VC. The BC group (iso-
lation reared) was intramuscularly injected with 0.2mL
physiological saline. Following the injections with DHAV,
the corresponding experimental drugs in aqueous solution
were given by oral administration once per day for five
days. The dosage of polysaccharides for each duckling
was 3mg (net). The numbers of surviving ducks were
accurately recorded every 12h after the DHAV challenge,
and dead ducklings that did not exhibit pathological
changes were excluded. To monitor the blood virus contents
in the early (4th h and 8th h) and late (54th h) phases of
the disease, blood samples were randomly taken from five
feathers per group at each time point after virus challenge
and treated with heparin anticoagulation. And then
they were used to detect the DHAV nucleic acid contents
by the method used in vitro assay. The survival rate of
each group was calculated until no further deaths were
observed. The dead ducklings were dissected, and the
pathological changes in the livers were observed.

The activities of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), lactate dehydrogenase (LDH),
and alkaline phosphatase (ALP) in serum of each group



and the contents of albumin (ALB), total protein (TP), and
globulin (GLO) in serum of each groups were tested at 4hpi,
8hpi, and 54hpi by using Automatic Biochemistry Analyzer
(7180 Automatic Biochemistry Analyzer, HITACHI, Japan).

The animal experiment was completed in accordance with
the guide of the EU Directive 2010/63/EU for animal experi-
ments and was accepted by the Nanjing Agricultural
University Animal Care Committee. The surviving ducklings
were executed according to the national regulations, and the
dead ducklings were disposed of according to local standard
protocols. All steps complied with the AVMA Guidelines for
the Euthanasia of Animals (2013 edition).

Statistical analysis

The relative gene expressions were analyzed with the
method. The Asy, and relative gene expression
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data were expressed as the means + the S.E. Duncan’s mul-
tiple range test was applied to analyze the differences between
groups using the SPSS 16.0 software. The chi-square test was
used for the survival rate analysis. Significant differences were
considered at the level of P < 0.05.

Results
Infrared spectrum analysis

The infrared spectra of APS, sAPS, and pAPS are depicted
in Figure 2. The characteristic absorption peaks of polysac-
charide appeared in the APS, sAPS, and pAPS samples. The
absorption band at approximately 3400 cm ™' was the result
of hydroxyl stretching vibration. The peak in the region of
3000-2800cm ™" was due to C-H stretching vibration. The
absorption peak that appeared at 1600 cm ™" was a result of
COQO™ stretching vibration. In addition to the three signal
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Figure 2 Infrared spectroscopy of APS, pAPS, and sAPS. The FT-IR spectra of APS, sAPS, and pAPS were determined over the wavelength range of
400-4000cm ™. The curve in blue represents sAPS; the curve in red represents pAPS; the curve in purple represents APS. (A color version of this figure is available
in the online journal.)

Table 1 The A570 values of APS, pAPS, and sAPS on DEHs

Concentration

Concentration

Concentration

(ng-mL~7) APS (ng-mL™") pAPS (ng-mL™") sAPS

5000 0.274 +0.045° 1000 0.144 +0.002° 500 0.393+0.077°
2500 0.305 +0.020% 500 0.233+0.0112 250 0.410 +0.007°¢
1250 0.357 4 0.025°9 250 0.360+0.0149 125 0.43040.014°"
625 0.354 4 0.009 125 0.552 +0.009" 62.5 0.44240.018°"
3125 0.367 +0.036°" 62.5 0.598 +0.010° 31.25 0.453 4+ 0.007°"
156.25 0.387 +£0.031¢f 31.25 0.595 +0.001° 15.625 0.483+0.011%°
78.125 0.392+0.018° 15.625 0.615 +0.006° 7.813 0.505 +0.01129
39.06 0.369 + 0.013°% 7.8125 0.596 + 0.006° 3.906 0.520 +0.016%
19.53 0.386 +0.016°' 3.90625 0.610 +0.006° 1.953 0.536 +0.031%
9.765 0.353+0.019 0.977 0.561+0.015°f
4.883 0.346 +0.0179 0.488 0.586 + 0.032°
cc 0.390 +0.012°f cc 0.609 + 0.006° cc 0.507 +0.019%9

aData in same column without same superscript (a-f) differ significantly(P < 0.05).

APS: astragalus polysaccharide; pAPS: phosphate astragalus polysaccharide; sAPS: sulfate astragalus polysaccharide; CC: cell

control.
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absorption bands of polysaccharide, APS also exhibited an
absorption peak at 1400-1000 cm ™" that was related to C-H,
C-O, and C-C bending vibration. Regarding sAPS, the
asymmetrical S=O stretching vibration at 1230.93cm ™"
and the symmetrical C-O-S vibration at 817 cm™" were ver-
ified in the FT-IR spectrum. The pAPS spectrum exhibited
the following three additional absorption peaks: a peak
at 1240 cm ™' caused by P=0O stretching vibration, a peak
at 1018cm ™' attributed to a P-OH bond, and band at
896 cm™! that corresponded to P-O-C bonds.
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0.397 £0.021¢
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Antiviral activity in vitro

The direct anti-DHAV effects of APS, sAPS, and pAPS were
compared in the hepatocytes which were the primary host
cells of DHAV. The maximum safe concentrations of APS,
sAPS, and pAPS were tested on DEHs before research. The
results showed that the maximum safe concentration of
APS was 625 ug/mL ", that of SAPS was 7.813 pg/mL ™"
and pAPS was 31250 ug/mL™" (Table 1). Then, DEHs
infected with DHAV were treated with the diluted polysac-
charides. The results revealed APS, sAPS, and pAPS inhibit
DHAV at different concentrations. The most effective
concentration of APS was 78.125ug/mL ™", with a viral
inhibition rate of 71.7%. Meanwhile, the antiviral concen-
tration ranges of SAPS and pAPS were 3.906 ug/mL ™" to
0.488pg/mL~" and 7.813pg/mL~"' to 0.488pug/mL ",
respectively. Among all of the treatment groups, the pAPS
group exhibited the highest viral inhibition rate of 85.1% at
7.813 ug/mL " and the widest range of antiviral concentra-
tions (Table 2).

Concentration

7.813
3.906
1.953
0.977
0.488
0.244
0.122

Group
sAPS
(ng'mL™")
VC

CC

inhibitory

Virus
rate/%
29.2
33.3
85.1
63.5
54.8
58.9
41.6
0
100

0.361+0.018%
0.364 +0.035%°
0.402 +0.016°
0.386 4 0.004%°
0.38040.003%°
0.383+0.005%®
0.370+0.018?
0.340 £ 0.004°
0.413+0.002

A57O

Anti-DHAV proliferation assays with APS, pAPS,
and sAPS in the DEHs

Concentration
7.813
3.906
1.953
0.977
0.488

31.250
15.625

Influence on DHAV adsorption. Figure 3(a) depicts the
effects on APS, pAPS, and sAPS on the adsorption of
DHAV on the DEHs. No DHAV expression was detected
in the CC group. The relative DHAV gene expression of
the pAPS group was notably lower than that of the APS
group and sAPS group (P <0.05) and non-significantly
lower than that of the VC group. The DHAV expression of
APS group has no significant difference compared with that
of the VC group and sAPS group.

Group
PAPS
(ng-mL™")
VC

CC

inhibitory

Virus
rate/%
0.5
15.7
20.9
.7
22.7
34.1
42.5
0
100

Influences of APS, pAPS, and sAPS on DHAV replica-
tion. For viral replication in vitro, the relative gene expres-
sions of DHAYV in the APS (0.30), pAPS (0.24), and sAPS
(0.48) groups were markedly lower than that of the VC
group (P <0.05). The APS and the pAPS groups exhibited
more obvious effects than the sAPS group (P <0.05).
Although there was no significant difference between the
APS and pAPS groups, the DHAV expression was greater in
the APS group (Figure 3(b)). No viral gene expression was
observed in the CC group.

0.3340.0122
0.347 4+0.019%°
0.3524+0.013%
0.399 +0.011°
0.354+0.010%
0.364 +0.022°
0.372 +0.006°
0.33240.037°
0.426 +0.019

A570

78.125
9.765

Concentration
625
312.5
156.25
39.06
19.53

Influences of APS, pAPS, and sAPS on DHAV release.

As demonstrated in Figure 3(c), the levels of viral release in
the APS, pAPS, and sAPS groups (relative DHAV gene
expressions of 0.28, 0.35, and 0.57, respectively) were

Table 2 The A570 values and virus inhibitory rate in anti-DHV-1 activity test in vitro

Group
APS
(ngmL™")
VC

CC

APS: astragalus polysaccharide; pAPS: phosphate astragalus polysaccharide; sAPS: sulfate astragalus polysaccharide; VC: virus control; CC: cell control.

aData in same column without same superscript (af) differ significantly (P < 0.05).
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Figure 3 The anti-DHAV proliferation of APS, pAPS, and sAPS in DEHs. (a) Analysis of relative DHAV gene expression in virus adsorption; (b) the relative DHAV gene
expression in process of virus replication; and (c) the quantity of DHAV gene expression when virus released from cells. Data without same superscripts (a—-d) differ

significantly (P < 0.05).

APS: astragalus polysaccharide; pAPS: phosphate astragalus polysaccharide; sAPS: sulfate astragalus polysaccharide; VC: virus control; CC: cell control; DHAV: duck

hepatitis A virus

Table 3 Clinical survival of ducklings infected with DHAV

Sample Survival Survival
Group (feather) (feather) rate (%)
APS 45 7 15.6%
PAPS 45 15 33.3°
sAPS 45 3 6.7%
VC 45 7 15.6%
BC 45 45 100°

APS: astragalus polysaccharide; pAPS: phosphate astragalus polysaccharide;
sAPS: sulfate astragalus polysaccharide; VC: virus control; BC: blank control.
2°Different superscript (a-c) of survival rate indicated significant difference
(P <0.05).

dramatically lower than that in the VC group (P <0.05).
Among treatment groups, the viral release from the DEHs
in the sAPS group was obviously greater than those in the
APS and the pAPS groups (P < 0.05).

Therapeutic effect in vivo

Table 3 displays the survival rate of each group. There was
no death in the BC group. The survival rates in the APS,
sAPS, and VC groups were not significantly different.
However, the survival rate of the pAPS group was mark-
edly higher than those of the other three challenged groups
(P <0.05).

Figure 4 illustrates the proliferation of DHAV in the
blood of all treatment groups. In the early stage of infection,
the proliferations of DHAV in the treatment groups were
similar to that of the VC group at the 4th h. Subsequently,
proliferation in the pAPS group was markedly lower than
that of the VC group at the 8th h (P <0.05). The DHAV
proliferations in the APS and sAPS groups were lower
than that of the VC group with no significant difference.
In the late stage of infection, the virus content of the pAPS
group remained significantly lower than that of the VC
group (P<0.05). The DHAV proliferation of the APS
group was slightly lower than that of the VC group, and
the content of DHAV of the sAPS group was greater than
that of the VC group. No DHAV was detected in the BC
group at any sampling time.

£ 4.00
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£ £3
= 3.00 1 ab
I
=204 E
= a =
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4h 8h 54h
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Figure 4 The effect of APS, pAPS, and sAPS on proliferation of DHAV in blood.
Data at same time point without same superscripts (a—d) differ significantly

(P <0.05).

APS: astragalus polysaccharide; pAPS: phosphate astragalus polysaccharide;
sAPS: sulfate astragalus polysaccharide; VC: virus control; BC: blank control;
DHAV: duck hepatitis A virus

The activities of liver function-related enzymes are
exhibited in Figure 5. The content of ALT, ALP, AST, and
LDH of the VC group significantly increased at all sampling
time points compared with those of the BC group (P < 0.05).
The activities of ALT, AST, and LDH of the pAPS group
were evidently lower than those of the VC group at all
time points. In sAPS group, only the content of ALT was
remarkably lower than that of the VC group at the 4th h. For
remaining indexes, there was no significant difference
between the sAPS group and the VC group. Excepting the
content of ALP at 8h and the content of AST and LDH at
96 h, which were significantly lower than those of the VC
group (P <0.05), it was similar to the APS group that no
observable difference existed between the VC group and
the APS group.

Figure 6 shows the proteins in serum associated with the
liver function. The contents of TP, ALB, and GLO were
markedly lower than those of the BC group at all time
points. The contents of these three proteins in the pAPS
group were significantly higher than those of the VC
group at all sampling time except for the content of GLO
at 4h which was higher than that of the VC group without
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Figure 5 The activity of liver function-related enzymes in each groups. (a) The activity of ALT (U/L) in serum; (b) the activity of AST (U/L) in serum; (c) the activity of ALP
(U/mL) in serum; and (d) the activity of LDH (U/mL) in serum. Data at same time point without same superscripts (a—d) differ significantly (P < 0.05).

ALT: alanine aminotransferase; AST: aspartate aminotransferase; LDH: lactate dehydrogenase; ALP: alkaline phosphatase; APS: astragalus polysaccharide; pAPS:
phosphate astragalus polysaccharide; sAPS: sulfate astragalus polysaccharide; VC: virus control; BC: blank control

significance. In the sAPS group, the contents of TP, ALB,
and GLO were higher than those of the VC group at the 8th
h, and the content of GLO was higher than the VC group at
the 54th h. The content of TP at all time points and GLO at
the 8th h and the 96th h in APS group was significantly
higher than those of the VC group (P <0.05).

The pathological anatomies of the livers obviously
reflected the effects of the different polysaccharides on the
infected ducklings which were infected with DHAYV, and the
results conformed to those of the clinical research detailed
above (Figure 7). Figure 7(d) displays a liver from the VC
group that exhibited apparent lesions including diffuse pete-
chia, extravasated blood, and hepatomegaly. Regarding the
treatment groups, the pathological changes in the pAPS
group were less extensive than those in the APS and sAPS
groups (Figure 7(a) to (c)). Visual examination of the BC
group duckling livers revealed no pathological changes

(Figure 7(e)).

Discussion

Duck virus hepatitis caused by DHAV is a disease charac-
terized by a rapid onset, high fatality rate, and widespread
infection.! When an infected duckling is identified, it
should be killed immediately to avoid huge economic
losses to the duck industry. APS is highly popular in trad-
itional Chinese medicine polysaccharide research for its
essential role in treatment of many diseases.® In recent stu-
dies, diverse modification methods, such as sulfation and
phosphorylation have been applied to this polysaccharide
aiming at improving polysaccharide bioactivities.”" Both of
these two modification methods have been reported to

enhance the antiviral activities of active constituents in
traditional Chinese medicine.'*** The chlorosulfonic acid-
pyridine method is a common method for achieving
sulfation modifications. Huang et al.'* employed the chlor-
osulfonic acid-pyridine method to sulfate a polysaccharide
from Astragalus. Additionally, the STMP-STPP method
has been widely used for the edible polysaccharide modi-
fication.">*® To achieve phosphorylation modifications of
polysaccharides, Muhammad et al. utilized a mixture of
2% STMP and 5% STPP at pHs between 6 and 11 to
modify sago starch, which finally improved water solubil-
ity of sago starch.”” And the phosphorylated icariin
which is modified by icariin with the STMP-STPP
method could improves the survival rate of ducklings
infected with DHAV by 10% compared with non-
phosphorylated icariin.'?

In vitro, the maximum safe concentration of pAPS
(31.250 ug/mL™") was higher than that of sAPS
(7.813 ug/mL "), which indicated that the phosphorylation
modification method was less toxic than sulfation modifi-
cation (Table 1). The effective concentration range of anti-
viral activities of pAPS was wider than those of APS and
sAPS. The greatest virus inhibition rate of pAPS at the opti-
mal concentration was higher than those of APS and sAPS
at optimal concentrations (Table 2). In research about anti-
viral activities of polysaccharides on virus different multi-
plication process, the RT-PCR assay has higher accuracy, is
more autonomous and results have less contamination,
thus it was applied to examine the activities of APS,
pAPS, and sAPS.** Ding and Zhang® determined the
sequence of DHAV, which also provides a solid foundation



for this study. The DHAV proliferation process included
virus adsorption, RNA replication, and virus release.?®
Regarding the process of virus adsorption, the relative
DHAV gene expressions in the APS and sAPS groups
revealed that these polysaccharides were unable to inhibit
viral adsorption. At the 12th h, which represents the process
of viral replication (Figure 3(b)), the relative DHAV gene
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Figure 6 The content of liver function-related proteins in each group. (a) The
content of ALB (g/L) in serum; (b) the content of GLO (g/L) in serum; and (c) the
content of TP (g/L) in serum. Data at same time point without same superscripts
(a—d) differ significantly (P < 0.05).

APS: astragalus polysaccharide; pAPS: phosphate astragalus polysaccharide;
sAPS: sulfate astragalus polysaccharide; VC: virus control; BC: blank control;
ALB: albumin; TP: total protein; GLO: globulin

(c)
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expressions of the pAPS group were lower than those of
the VC group, APS group, and sAPS group, and there
were notably differences compared with the sAPS group
and VC group (P <0.05). Regarding the viral release stage
in which new virions are released from cells to infect other
cells and reproduce the virus, the DHAV gene expression in
treatment groups markedly reduced compared with that of
the VC group (P <0.05) (Figure 3(c)). These results suggest
that pAPS inhibited DHAV proliferation more effectively
than the other two polysaccharides throughout the entire
process. Although APS and sAPS inhibited the replication
and release of the virus in the DEHs, the viral contents of
both groups in the adsorption process were greater than
that of the VC group. APS and sAPS failed to display per-
fect anti-DHAV abilities over the entire process because the
viral invasion of the cells was too extensive.

These results were corresponded to those in vivo; only
PAPS significantly improves the survival rate of ducklings
after challenged by DHAV (P <0.05) (Table 3). In vivo,
DHAYV completes replication cycle, including virus adsorp-
tion, replication, and release, between 6 and 8h.?° The rela-
tive gene expressions of DHAYV at the 8th and 54th h in vivo
revealed that pAPS significantly inhibited viral prolifer-
ation to a greater extent than APS or sAPS (Figure 4).
DHAV selected liver as the main target organ to reproduce
more viruses. Therefore, the test of liver function and the
extent of liver damage could also reflect the invasion
of DHAV in vivo. The serum enzymes including ALT,
AST, ALP, and LDH mainly consisted in hepatocytes.
When the acute virus hepatitis occurred, the activities of
these enzymes were increased in serum for the reason
that hepatocytes were damaged during virus prolifer-
ation.”” In contrast, the contents of serum proteins
(TP, ALB, and GLO) reduced after virus invasion.'! These
results were verified by ocular anatomy that less symptom-
atic hemorrhages in the livers of the infected ducklings
were found than APS and sAPS (Figure 7).

The position, degree, and group of substitution might be
the reason for the differences of polysaccharide bioactiv-
ities. In a study of chemically modified polysaccharides
from Polygonatum cyrtonema Hua, C-6 was substituted
with a sulfur group, and different p-o-Fruf residues were
substituted with a phosphor group.”’ He et al.*® also
reported that the substituted position of the sulfur group
differs from that of the phosphor group in an exopolysac-
charide from Lachnum The antiviral activity of sAPS was

Figure 7 Clinical pathological anatomy of ducklings’ livers. (a)—-(e) respectively referred to APS group, pAPS group, sAPS group, VC group, and BC group. (A color

version of this figure is available in the online journal.)
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also related to its degree of substitution. The antiviral activ-
ity of the sulfated polysaccharide increased with the
number of substituted sulfate groups. This pattern was con-
firmed in an experiment in which the anti-murine leukemia
virus activity of a sulfated polysaccharide from Angelica
sinensis was found to increase with elevation in the DS
in vivo.” In contrast, the phosphorylated polysaccharide
was generally modified with a low degree of substitution
and exhibited more effective bioactivity than the sulfated
polysaccharide.”’?® In the present research, the polysac-
charide chains of pAPS and sAPS were not degraded
during the modifications. pAPS exhibits adsorption peaks
related to P=0O stretching vibration,®® P-OH and P-O-C
bonds.”® Asymmetrical S= O stretching vibration and sym-
metrical C-O-S vibration have been detected in sAPS’
(Figure 2). Although the backbone chain of the polysacchar-
ide is preserved in the sulfated and phosphorylated
forms,?! differences in the degree of substitution, chain con-
formation, and functional groups between the phosphory-
lated and sulfated polysaccharides might have altered the
antiviral activities of pAPS and sAPS. The extended chain
conformation of a chemically modified polysaccharide can
also influence its bioactivities.”>*” These diversities might
ultimately result in differences in the antiviral activities
of sulfated and phosphorylated polysaccharides. In add-
ition, syndrome differentiation is the key to treatment deter-
mination in traditional Chinese medicine.®! Astragalus is a
traditional Chinese herb and Qi-tonifying drug replenish-
ing the basic energy needed by the body, which creates the
opposite effects required in the treatment of duck virus
hepatitis, a blood-heat disease that is accompanied by
hemorrhaging in the liver and convulsions. Therefore, the
therapeutic principles of duck virus hepatitis based on
the theory of syndrome differentiation for the treatment of
duck virus hepatitis include heat-clearing and detoxifying.
Furthermore, the essence of traditional Chinese medicine is
the emphasis on the effect of drug on holistic body instead
of partial cells, which resulted in the unsatisfactory effect
of APS** These hypotheses related to the structure-
function relationships among different derivatives of APS
and the Chinese medicine theory require additional
research in the future.
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