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Abstract: Objective: To investigate the therapeutic effect of Buyang huanwu decoction (BYHWD) on sepsis-
induced myocardial injury (SIMI) and explore the mechanism by which BYHWD mitigates SIMI. Methods: The
Lipopolysaccharide (LPS)-induced SIMI mouse model was established to detect the effect of BYHWD-low (1 mg/kg),
BYHWD-middle (5 mg/kg), and BYWHD-high (20 mg/kg) on SIMI. The survival of these BYHWD-treated septic mice
was investigated. The histology of myocardial tissues was determined by hematoxylin and eosin (H&E) staining. The
apoptotic index and inflamed microenvironment of myocardial tissues were assessed by immunofluorescent stain-
ing (IF) and flow cytometry analysis. Liquid chromatography-mass spectrometry (LC-MS/MS) was employed to deter-
mine the key chemical components in the serum of BYHWD-loaded septic mice. Immunoblotting assay was utilized
to detect NF-kB and TGF-B signaling activity, and M1/M2-macrophage markers using RAW264.7 cells. Results: The
high dosage of BYHWD (BYHWD-high, 20 mg/Kg) significantly attenuated SIMI and improved the survival of septic
mice. The BYHWD-high solution markedly reduced myocardial cell apoptosis and mitigated the inflamed microenvi-
ronment by suppressing CD45* immune cell infiltration. Importantly, BYHWD decreased macrophage accumulation
and promoted an M2-macrophage polarization. Paeoniflorin (PF) and calycosin-7-O-B-glucoside (CBG) were identi-
fied as the key molecules in BYWHD with therapeutic effect. PF (10 yM) and CBG (1 yM) inhibited NF-«kB signaling,
meanwhile they upregulated the TGF- pathway, thereby facilitating an M2-macrophage phenotypic transition in
RAW264.7 cells. Conclusions: BYHWD, with two effective components PF and CBG, can mitigate SIMI by suppress-
ing the inflamed myocardial microenvironment and skewing an immunosuppressive M2-macrophage phenotype.

Keywords: Buyang huanwu decoction (BYHWD), sepsis-induced myocardial injury (SIMI), inflamed microenviron-
ment, M2-macrophage, NF-kB signaling, TGF- signaling

Introduction tissue is damaged in septic patients has

become a hotspot of clinical and pre-clinical

Sepsis is a severe complication caused by
injuries, such as trauma, burns, surgery, and
infections [1]. As a key feature of sepsis, uncon-
trollable inflammation often leads to multiple
organ disorders [2]. Heart dysfunction, in par-
ticular, sepsis-induced myocardial injury (SIMI)
has been regarded as a critical contributor to
septic mortality [3]. Currently, identification of
the molecular mechanism by which myocardial

studies.

The lipopolysaccharide (LPS)-induced septic
mouse model with myocardial injury is fre-
quently utilized for mechanism investigation
and druggable target screening [4-6]. Using this
model, several important mechanisms underly-
ing SIMI have been revealed. For example, the
elevated production of proinflammatory cyto-
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kines, dysregulated calcium homeostasis,
increased amount of reactive oxygen species
(ROS), and impaired mitochondrial function
can result in myocardial cell apoptosis and
death [7]. Indeed, based on these cytological
mechanisms, several clinical managements,
for instance, restriction of infection source, pro-
viding myocardial function support, and cardiac
protective agents alleviate SIMI to some extent
[8-10]. However, the mortality of septic patients
remains high [11]. To optimize clinical interven-
tion and improve prognosis of septic patients,
we need to further explore unknown cellular
and molecular mechanisms, investigate novel
druggable targets, and screen new drugs.

The increased proinflammatory cytokines in-
cluding interleukin 1B (IL-1pB), IL-6, and tumor
necrosis factor (TNF-o) are usually generated
by immune cells [12-14]. Interestingly, a recent
study has demonstrated that myocardial cells
per se are able to produce cytokines under
stressed conditions [15]. Based on this finding,
it is reasonable to speculate that these locally
produced cytokines may boost an inflamed
cardiac microenvironment in septic patients.
Moreover, myocardial fibrosis also enables
upregulated cytokine production, and thereby
creates an inflamed myocardial milieu [16, 17].
These inspiring studies prompt us to raise an
interesting question of whether these locally
produced cytokines can inflame the myocardial
microenvironment, promote myocardial cell
apoptosis, and eventually accelerate disease
progression. To address these unsolved issues
may be helpful to interrogate new druggable
targets for SIMI from a novel perspective.

Traditional Chinese medicine (TCM) has been
widely used in China and other Asian countries
throughout history. Recently, TCM has started
to fit into the settings of western medicine, not
merely limited to a supportive role. As a
renowned TCM prescription, Buyang huanwu
decoction (BYHWD) consists of seven herbs
including Huangqgi (Astragali Radix), Danggui
(Angelicae Sinensis Radix), Chishao (Paeoniae
Radix Rubra), Chuanxiong (Chuanxiong Rhizo-
ma), Taoren (Persicae Semen), Honghua (Car-
thami Flos), and Dilong (Pheretima) at a ratio of
120:6:4.5:3:3:3:3 with their dry weights [18].
BYHWD has been broadly applied for clinical
treatment of stroke [19], neuronal injury [20,
21], atherosclerosis [22], and cardiovascular
and cerebrovascular disorders [23]. Mechani-
stically, BYHWD involves in a wide spectrum of
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cell signaling pathways in a context-dependent
manner. For instance, BYHWD activates the
vascular endothelial growth factor (VEGF) sig-
naling in a cerebral ischemia mouse model
[24]. In addition, BYHWD promotes bone mar-
row mesenchymal stem cells differentiation by
activating mitogen-activated protein kinase
(MAPK) signaling [25]. Of note, the anti-inflam-
matory effect of BYHWD has been widely dem-
onstrated in distinct scenarios [26, 27]. A
recent study reported that BYHWD ameliorates
atherosclerosis by promoting regulatory T cell
(Treg) differentiation [22]. However, to the best
of our knowledge, the therapeutic effect of
BYHWD on SIMI has not been addressed so far.

Herein, we aim to investigate the therapeutic
effects of BYHWD on SIMI with an LPS-induced
septic mouse model. From a novel perspective,
we bridge a previously unknown knowledge gap
that BYHWD can mitigate myocardial injury by
suppressing the inflamed myocardial microen-
vironment and skewing macrophagse toward
an M2-biased polarization.

Material and methods
Preparation of BYHWD solution

The herbs of BYHWD were obtained from the
Shanghai Seventh People’s Hospital with dry
weights of Astragali Radix 120 g, Angelicae
Sinensis Radix 6 g, Paeoniae Radix Rubra 4.5
g, Chuanxiong Rhizoma 3 g, Persicae Semen 3
g, Carthami Flos 3 g, Pheretima 3 g. These
herbs were confirmed by Dr. Jing-Hua Ye, a
renowned TCM expert now working at Shang-
hai Seventh People’s hospital. All these botani-
cal mixtures were transferred to a beaker
with 1 L distilled water and boiled twice at
100°C for 60 min. In detail, the drug solution
was collected after the first round of boiling,
and solid residues were resuspended with
water and boiled again similarly. The solutions
from two rounds of boiling were combined for
condensation at 65°C with a rotary evaporator.
The concentrated drug solution was subse-
quently vacuum-cooled, dried, and made into
solid powder, which was dissolved in distilled
water to generate the original BYHWD solution
with a final concentration of 1.5 g/mL. The
BYHWD solution was aliquoted and stored
at -20°C. In animal experiments, the original
BYHWD solution was further diluted into
BYHWD-low (1 mg/Kg), BYHWD-middle (5 mg/
Kg), and BYHWD-high (20 mg/Kg) based on
the body weight of mice.
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Animal experiments

Eight week-old wild type (WT) C57BL/6 male
mice were purchased from Beijing SPF Co. Ltd.
To establish the LPS-induced septic mouse
model, mice were intraperitoneally (i.p.) inject-
ed them with LPS (5 mg/kg). The peripheral
blood was collected after LPS injection, and
cytokines including IL-183, IL-6, and TNF-a were
determined using ELISA assay. To assess the
effect of BYHWD on mice, low, middle, and high
dosages of BYHWD solution were intragastri-
cally (i.g.) administrated once per day for a
week. After BYHWD treatment, the body weight
was measured. One week later, the major
organs including the heart, liver, kidney, and
lung were collected for histological analysis. To
assess therapeutic effects of BYHWD, LPS
was administered via i.p. injection into these
mice. The septic mice were then randomly sep-
arated into four groups. The vehicle (phosphate
buffered solution, PBS), BYHWD-low, BYHWD-
mid, and BYHWD-high solutions were i.g.
administrated once per day into these mice for
a week. The survival was depicted accordingly.

In vitro hemolytic assay

A total of 2 mL blood was collected from
C57BL/6 mice via cardiac puncture. We stirred
the blood with a glass rod to remove the fibrino-
gen. Eighteen mL 0.9% NaCl solution was
added into the fibrinogen-free-blood. The mix-
ture was centrifuged at 1,500 rpm for 15 min
at room temperature (RT). We removed the
supernatant carefully and kept the red blood
cell (RBC) pellet in the bottom of the tubes.
Next, we washed the RBC with 0.9% NaCl and
spun down until the supernatant become clear.
The pellets were resuspend with 0.9% NaCl to
generate 2% (v/v) RBC suspension. NaCl, 0.9%
serves as a negative control. The distilled water
was used as positive control. The diluted
BYHWD was incubated with equal volume of 2%
RBC suspension at 37°C for 3 hours (h). To
assess the hemolytic rate (HR), the OD,, val-
ues were determined using a microplate reader
(EIX800, BioTek). The HR is calculated with the
formula:

HR = (OD,,, ., sample - OD,,. . negative con-
trol)/(OD,,, ... positive control - OD nega-
tive control) x 100%

545 nm
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Liquid chromatography and mass spectrom-
etry (LC-MS/MS) analysis

The serum of BYHWD-loaded septic mice was
collected and mixed with 10 L liquiritin (10 ug/
mL) and 400 pyL methanol. The mixture was
then centrifuged at 12,000 rpm at 4°C for 10
min. The supernatant was collected and dried
with nitrogen. We added 100 pL methanol
into the tube and dissolved the sample. The
sample was centrifuged at 12,000 rpm at 4°C
for 10 min. Five uL sample was used for further
LC-MS/MS analysis. Similarly, 100 uL serum
from untreated normal mice were prepared.
The LC-MS/MS analysis was performed using
the Agilent 1200 system (Agilent Corp., USA)
and triple-quadrupole mass spectrometer (API
3200, Canada). Electrospray ionization (ESI)
was performed in positive and negative ioniza-
tion mode.

Hematoxylin and eosin (H&E) and immunofiuo-
rescence (IF) staining

Paraffin-embedded sections of myocardial tis-
sues were deparaffinized, rehydrated and
stained with H&E solutions. For IF assay, the
deparaffinized and rehydrated slides were
boiled with antigen retrieval buffer (10 mM
citrate buffer, pH = 6.0) for 10 min using a
microwave oven. Slides were incubated in
blocking buffer (10% goat serum in PBS) with
0.1% Triton X-100 for 1 h at RT. Primary anti-
bodies were used to incubate the slides at
4°C overnight. All primary antibodies including
Callal (Cell signaling, #81375), aSMA (Cell
signaling, #19245), cleaved caspase 3 (CC3,
cell signaling, #9661), yH2AX (Cell signaling,
#60566), and CD45 (Cell signaling, #70257)
were diluted at 1:300 for IF staining assay.
Slides were incubated with secondary anti-
bodies for 1 h at RT. The secondary antibodies
were removed and counterstained with 4',6-
diamidino-2-phenylindole (DAPI) for 5 min at RT.
The stained sections were examined using a
fluorescence microscope. Images were cap-
tured and analyzed by Image J software.

ELISA assay

The blood samples were collected from mice
through cardiac puncture. The blood was trans-
ferred into 1.5 mL Eppendorf tubes and placed
at RT for 30 min. After centrifuging, the plasma
supernatants were frozen in liquid nitrogen and
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stored at -80°C. IL-1B3, IL-6, IL-10, TNF-a and
TGF-B were determined using a commercial
ELISA kit (Quantikine ELISA lit, R&D system,
USA).

Immunoblotting analysis

The myocardial tissues from mice were collect-
ed and homogenized using a tissue lyzer
(Tissuelyzer 1l, QIAGEN, Germany) in lysis buffer
(150 mM NaCl, 300 mM sucrose, protease
and phosphatase inhibitors (Pls), and 20 uyM
streptozotocin (pH 8.0)). Cells were further
lysed with NP-40 buffer (150 mM NaCl, 50 mM
Tris-HCI (pH 8.0), 0.5% NP-40, Pls). RAW264.7
cells were subsequently lysed and centrifuged
at 12,000 rpm for 30 min at 4°C and trans-
ferred to new tubes. Samples were loaded and
separated by SDS-PAGE and transferred to
nitrocellulose (NC) membrane (GE Healthcare
Life Science, Germany). The NC membranes
were incubated with 5% skimmed milk at RT.
Primary antibodies (Supplementary Table 1)
were probed at 4°C overnight. The NC mem-
branes were incubated with horseradish peroxi-
dase conjugated secondary antibodies for 1 h
at RT. The protein bands were detected by the
Enhanced Chemiluminescent (ECL) detection
system.

Quantitative polymerase chain reaction
(RT-gPCR) analysis

Total RNA was extracted using the Takara RNA
isolation kit. The detailed protocols were strict-
ly followed by manufacturer’s guidance. Briefly,
500 ng RNA was reversely transcribed using
Takara Prime Script TM RT reagent Kit (Takara,
Japan). The cDNA was amplified with specific
primers (Supplementary Table 2). The relative
gene expression was calculated using the 2-44¢T
method.

Flow cytometry

The myocardial tissues were minced and
digested by DNase |, collagenase and trypsin
for 2 h at 37°C. The samples were then filtered
through 70 um cell strainers and centrifuged at
300 g for 5 min at RT. The cell pellets were
resuspended to generate a single cell suspen-
sion. The samples were detected using BD LSR
Fortessa instrument. The data were analyzed
by Flow Jo software.
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Cell culture

The RAW264.7 cells were commercially obtain-
ed from American type culture collection (AT-
CC). Cells were cultured in Dulbecco’s modified
Eagle’'s medium (DMEM, Hyclone, USA) supple-
mented with 5% FBS (Hyclone, USA), 1% penicil-
lin and streptomycin (Hyclone, USA) at 37°C in
5% CO, humidified atmosphere incubator.

Statistical analysis

Data are displayed as the mean with standard
error from independent experiments. Statistical
differences between the two groups were ana-
lyzed by student’s t-test. The survival was ana-
lyzed using log rank test. The statistical analy-
sis of the data was performed using GraphPad
Prism 8 software.

Results

BYHWD exhibits low hemolytic and toxic activi-
ties in mice

The constituents of BYHWD were shown in
Supplementary Table 3, where their Chinese
name, English name, Latin name, and dry
weight were provided. These herbs were mix-
ed, boiled, baked, condensed, and eventually
made into original BYHWD solution with a con-
centration of 1.5 g/mL (Figure 1A). We firstly
assessed the hemolytic effect of BYHWD on
mice. The BYHWD solution was diluted into a
wide range of concentrations from nanogram
(ng/mL) to milligram (mg/mL) scale. As a result,
no detectable hemolytic effect was identified
(Figure 1B). Based on a previous study [22],
three dosages of BYHWD solution including low,
middle, and high were prepared. As shown in
Figure 1C, the hemolytic rates of all dosages
were less than 5%, suggesting little hemolytic
effect. We examined mouse body weight be-
fore and after BYHWD treatment and did not
find evident alterations (Figure 1D). H&E stain-
ing showed that there was no histological
change within the major organs between con-
trol (PBS) and BYHWD treated mice (Figure 1E).
Therefore, BYHWD exhibits biosafety with no
hemolytic or toxic activities in C57BL/6 mice.

BYHWD shows therapeutic effects on LPS-
induced septic mice

We next assessed the therapeutic effect of
BYHWD on LPS-induced septic mice. Septic
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Figure 1. BYHWD shows extremely low hemolytic and toxic activities in mice. A. The original BYHWD solution (1.5 g/
mL). B. The in vitro hemolytic assay showing that BYHWD has no detectable hemolytic effect. The 0.9% NaCl solu-
tion is used as a negative control, and distilled water serves as a positive control. C. Quantification of the hemolytic
rate of BYHWD-low, BYHWD-mid, and BYHWD-high-treated mice (n = 4). D. Measurement of the body weight before
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and after BYHWD treatment with different dosages (n = 5). Mice were treated for one week. Student’s t-test. n.s =
non-significant. E. H&E staining images reveal histological morphologies of major organs including the heart, liver,
kidney, and lung from vehicle-treated mice and BYHWD-low, BYHWD-mid, and BYHWD-high treated mice (n = 5).

Scale bar = 150 pym. n.s = non-significant.

mice were randomly separated into four groups
that were treated with vehicle (PBS), BYHWD-
low, -middle, and -high solutions for one week.
Their survival was monitored for two weeks. As
a result, BYHWD benefited the survival of septic
mice in a dose-dependent manner (Figure 2A).
Normal mice displayed intact cardiac stripes,
integrated myocardial membrane, and clear
cellular and tissue morphology (Figure 2B).
However, the septic mice showed damaged car-
diac structure and disrupted myocardial mem-
brane (Figure 2C). Intriguingly, BYHWD-treated
septic mice (Figure 2D-F), particularly, the mid-
dle (Figure 2E) and high (Figure 2F) dosage
treated mice displayed markedly attenuated
tissue damages. Of note, BYHWD significantly
decreased myocardial injury index (Figure 2G)
and restored heart weight (Figure 2H). These
data demonstrated that BYHWD benefits the
survival and mitigates SIMI. Considering the
high dosage of BYHWD displayed the most
profound therapeutic effect, we utilized the
BYHWD-high solution to perform experiments
hereafter.

BYHWD reduces myocardial fibrosis and apop-
tosis in septic mice

Myocardial fibrosis is frequently detected in
cardiac injury [28]. As a key feature of inflamed
myocardial tissues, fibrosis was clearly detect-
ed by increased collagen deposition (Figure
3A). Compared with normal mice, septic mice
showed evident myocardial fibrosis, reflected
by increased Collagen type | o chain | (Collal)
and o smooth muscle actin (a(SMA) (Figure
3B). The quantification of Callal* (Figure 3C)
and aSMA* myocardial cells (Figure 3D) indi-
cated that BYHWD prohibits myocardial fibrosis
in septic mice. Inflammation usually causes
apoptosis. IF staining showed increased apop-
totic myocardial cells, featuring with elevated
cleaved-caspase 3 (CC3*) positive cells in
septic mice (Figure 4A). BYHWD significantly
reduced CC3* cells in myocardial tissues of
septic mice (Figure 4B). Annexin-V staining con-
firmed that BYHWD can strongly decrease myo-
cardial cell apoptosis (Figure 4C, 4D). These
results revealed that BYHWD can markedly
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mitigate apoptosis in myocardial tissues of sep-
tic mice.

BYHWD represses overall inflammation and
attenuates inflamed myocardial microenviron-
ment in septic mice

We collected blood from normal mice, vehicle,
and BYHWD-treated septic mice, and found
that BYHWD significantly decreased the circu-
lating IL-1B (Figure 5A), IL-6 (Figure 5B), IL-12
(Figure 5C) and TNF-a (Figure 5D) in septic
mice. On the contrary, transformation growth
factor-B (TGF-B) (Figure 5E), a classic immuno-
suppressive cytokine [30], was increased upon
BYWHD treatment. In addition to overall inflam-
matory status reflected by cytokines in the cir-
culation, we next sought to assess the myocar-
dial immune microenvironment in septic mice.
Flow cytometric analysis detected very rare
CD45* cells in the heart of normal mice, but in
septic mice this ratio markedly increased, sug-
gesting an inflamed microenvironment (Figure
6A). Upon BYHWD treatment, the increased
CD45* cells were dropped to a comparable
level in normal mice. IF staining validated the
inhibitory effect of BYHWD on the inflamed
myocardial microenvironment in which immune
cell infiltration was repressed (Figure 6B, 6C).
Immune cell components and their proportions
in myocardial tissues of septic mice were inter-
rogated. Surprisingly, macrophages took up
over 50% in the local immune landscape, serv-
ing as the most abundant leucocyte (Figure
6D). These data suggested that macrophages
may play a major role in myocardial tissue
homeostasis of septic mice.

BYHWD decreases macrophage proportion
and promotes M2-macrophage polarization

To test whether BYHWD impacts macrophage
proportions in myocardial tissues of septic
mice, the macrophage/CD45"* ratio of normal
mice, and vehicle, and BYHWD treated septic
mice were assessed. As shown in Figure 7A,
7B, BYHWD decreased the macrophage/CD45
ratio from 44.8% to 28.1%. Macrophages can
be conventionally divided into proinflammatory
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Figure 2. BYHWD benefits survival and attenuates myocardial injury in LPS-induced septic mice. (A) The survival
curves of normal mice (Con), and vehicle, BYHWD-low, BYHWD-mid, and BYHWD-high treated septic mice (n = 15 for
each group). Log rank test. “P < 0.05; P < 0.001. (B-F) H&E staining showing the histology of myocardial tissues
of normal mice (Con) (B), vehicle-treated septic mice (C), BYHWD-low (D), BYHWD-mid (E), and BYHWD-high treated
septic mice (F). Scale bar = 1 mm. (G) The myocardial injury index was quantified based on the crack number pre-
sented in the myocardial tissues of vehicle, BYHWD-low, BYHWD-mid, and BYHWD-high treated septic mice (n = 5).
Student’s t-test. “"P < 0.001. (H) The heart weight of normal (Con) mice, and vehicle, BYHWD-low, BYHWD-mid, and
BYHWD-high treated septic mice (n = 6). Student’s t-test. ‘P < 0.05; “"P < 0.01; “*P < 0.001; n.s = non-significant.

M1 and immunosuppressive M2-macrophages to make M1 distinct from M2-macrophages
[31]. A set of marker genes were employed [32]. Using fluorescence activated cell sorting
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Figure 3. BYHWD alleviates myocardial fibrosis in septic mice. (A) Masson staining demonstrates the collagen dis-
position (blue color) in myocardial tissue. Scale bar = 100 ym. (B) IF staining images showing fibrosis markers in-
cluding Collagen type | o chain | (Collal) and o« smooth muscle actin (x’SMA) in myocardial tissues of control mice,
vehicle and BYHWD-high treated septic mice. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI).
Scale bar = 100 um. (C, D) Quantification of the percentage of Collal* (C) and aSMA* (D) myocardial cells. Results
were shown as mean + SEM, student’s t-test, P < 0.01; ***P < 0.001.

(FACS)-isolated macrophages from myocardial including Tnfa (Figure 8A), H2Aa (Figure 8B),
tissues, we found that BYHWD strongly decreas- and Nos2 (Figure 8C). On the other hand,
es the expression of M1-macrophage markers M2-macrophage marker genes, such as Cd163

2396 Am J Transl Res 2023;15(4):2389-2406



BYHWD attenuates myocardial injury in septic mice

A B * % %
CC3/DAPI o 307 gk
6 ]
&)
+ 20
o
e
o 8 °
O 10-
[T
O
= !
=B T T T
O e Q
@ & -(3‘\
[} (8‘4 xQ’
O 3 &
 — W
© c 25
+ T xx*
>
5 >I %%k
g & 20
~ é D15
@
C O104
0 <C
g
% o 54
o
E °© 0o T
('}-) 00(\ ‘\\(}Q’ Q\$°
o & &
- 50 pm L F

" Con LPS + vehicle LPS + BYHWD
200K < 200K = 200K =1 3-79

<| 150K = 0.59 150K =f 150K

o 100K = 100K =] 100K ~

n| /

U) 50K = 50K = 50K

Annexin-V APC

Figure 4. BYHWD inhibits myocardial cell apoptosis in septic mice. A. IF staining images revealing the expression of
cleaved-caspase 3 (CC3) in myocardial tissues of normal mice (Con), vehicle and BYHWD-high treated septic mice.
Nuclei were counterstained with DAPI. Scale bar = 50 um. B. Quantification of the percentage of CC3 expressing
myocardial cells based on IF staining data (n = 5). Student’s t-test, "*P < 0.01; *P < 0.001. C. Quantification of the
percentage of Annexin-V expressing myocardial cells based on flow cytometry data (n = 4). Student’s t-test, P <
0.001. D. Flow cytometric analysis showing the ratio of Annexin-V* cells in myocardial tissues of normal mice (Con),
vehicle and BYHWD-high treated septic mice.
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Figure 5. BYHWD suppresses proinflammatory cytokines in the peripheral
blood of septic mice. (A-E) ELISA results showing that BYHWD can decrease
the level of proinflammatory cytokines including IL-13 (A), IL-6 (B), IL-12 (C)
and TNF-a (D) but increase immunosuppressive cytokine TGF-B (
blood of septic mice. Data were shown as + SEM, Student’s t-test. "P < 0.05;

P <0.01; P < 0.001.

(Figure 8D), Cd206 (Figure 8E), and Argl
(Figure 8F) were significantly elevated upon
BYHWD treatment. Collectively, BYHWD not
only decreases macrophage/CD45 proportion,
but also promotes an M2-biased polarization.

Paeoniflorin (PF) and calycosin-7-O-3-glucoside
(CBG) were identified in the serum of BYHWD-
loaded mice

We next explored the major chemical compo-
nents that may play roles in BYHWD-alleviated
myocardial injury. To this end, the serum of
BYHWD-loaded septic mice were collected for
LC-MS/MS analysis (Figure 9A). Two most en-
riched chemical constituents were paeoniflorin
(PF) (Figure 9B) and calycosin-7-O-B-glucoside
(CBG) (Figure 9C). The PF is a major component
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C IL-12 from Paeonia lactiflora Pall,
and the CBG was a constitu-

800 EEH kx ent of Astragalus. membrana-
o i ceus (Fisch.) Bge. var. mongho-

—E' licus (Bge.) Hsiao [18]. A num-
D 400- ber of studies have well char-
o acterized the constituents in
200+ either BYHWD solution or the
serum of BYHWD-treated ani-

0= mal [33, 34]. Interestingly, our
Oo(\-\\c}?’ *§0 results were in agreement

< Q;k with a previous study report-

\52% Q@" ing the effect of BYHWD on
N atherosclerosis [22], in which,

the four most enriched bioac-
tive components were ononin,
CBG, PF, and ferulic acid.

PF and CBG promote M2-
macrophage polarization
by orchestrating NF-kB and
TGF-B signaling

To test whether BYHWD-me-
diated M2-macrophage polar-
ization is reliant on PF or/and
CBG, we employed a mou-
se monocyte/macrophage cell
line RAW264.7 cells. The IC_,
values of PF (Figure 9D) and
CBG (Figure 9E) on RAW264.7
cells were assessed. To gener-
ate M1-macrophages, we pre-
treated RAW264.7 cells with
LPS for 24 hr. These LPS-
pretreated RAW264.7 were
then stimulated by PF and/or
CBG for 24 hr. Given that NF-kB signaling is
critical for M1-macrophage polarization and
TGF-B signaling is a key driver for M2-macro-
phage phenotypic transition, we determined
whether PF and/or CBG can regulate these
two signaling pathways. As shown in Figure 9F,
both PF and CGB stimulation decreased phos-
phorylated p65 (p-p65) level. On the contrary,
the p-Smad level was sharply increased in
response to PF and CBF. Although PF and CGB
did not repress the Ml1-macrophage marker
iNOS, they elevated the classical M2-macro-
phage marker Arginase 1 (Argl). To test wheth-
er PF and CGB have synergic effects on M2-
macrophage polarization, we concomitantly
treated RAW264.7 cells with these two mole-
cules (Figure 9G). Upon combined PF and CGB

E) in the
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Figure 6. BYHWD decreases immune cell infiltration in the myocardial microenvironment of septic mice. A. Flow
cytometry revealing the percentage of CD45* immune cell in myocardial tissues of normal (Con) mice, vehicle and
BYHWD (high)-treated septic mice. B. IF staining images showing the CD45* immune cells in myocardial tissues of
normal (Con) mice, vehicle and BYHWD (high)-treated septic mice. Nuclei were counterstained with DAPI. Scale bar
= 50 um. C. Quantification of CD45* immune cell proportions in myocardial tissues of normal (Con) mice, vehicle
and BYHWD (high)-treated septic mice based on the flow cytometry results (n = 5). Student’s t-test. "P < 0.05; P
< 0.01; ""P < 0.001. D. A pie chart demonstrating the proportion of macrophage (Mac), neutrophil (Neu), dentritic
cell (DC), T and B cell in the inflamed myocardial tissue of LPS-induced septic mice.

stimulation, p-p65 and iNOS were all reduced. However, the increased p-Smad and Argl were
In contrast, p-Smad and Argl were elevated. blocked by Poly I:C, an NF-kB/p65 agonist.
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These data suggested that suppressed NF-«kB
signaling may be a prerequisite condition for
M2-macrophage polarization.

PF and CBG alleviate SIMI and benefit septic
mice survival

To validate the therapeutic effect of PF and
CGB in vivo, we administrated them to LPS-
induced septic mice. As shown in Figure 10A,
both PF and CBG significantly improved the sur-
vival of septic mice, and they also attenuated
myocardial injury (Figure 10B, 10C). Using myo-
cardial tissues of normal (Con) mice, vehicle, PF
and CBG treated septic mice, immunoblotting
data showed that either PF or CBG is sufficient
to decrease IL-1B3 and TNF-a expression. They
also decreased p-p65 but increased p-Smad
level in septic mice (Figure 10D).

2400

CD11b

@® Con
@® LPS+vehicle
® LPS+BYHWD

Figure 7. BYHWD decreases the proportion of mac-
rophage in myocardial tissue of septic mice. (A, B)
Flow cytometric analysis (A) and quantification (B)
of macrophage/CD45" ratio in myocardial tissue
of normal (Con) mice, vehicle and BYHWD (high)-
treated septic mice (n = 5). Student’s t-test. P <
0.001.

v

In summary, we found that BYHWD mitigates
SIMI, in particular, represses the inflamed
myocardial microenvironment by suppressing
CD45* immune cell infiltration and skewing
macrophages to an immunosuppressive M2
polarization. Using LC-MS/MS analysis, PF and
CGB were identified as the two most abundant
molecules in BYHWD-loaded serum of septic
mice. These two molecules can drive the
M2-macrophage phenotypic switch via orches-
trating NF-kB and TGF-B signaling pathways
(Figure 10E).

Discussion
For a long time, the locally inflamed microenvi-
ronment in myocardial tissues of septic patients

has been not been vigorously investigated.
Whether and how the inflamed microenviron-

Am J Transl Res 2023;15(4):2389-2406



BYHWD attenuates myocardial injury in septic mice

A Thfa B H2Aa C Nos?2 addressed by numerous litera-
oYk ture. Here, we reveal a novel
° 1 /= e 1 e ° h ol e therapeutic function of BYH-
e {. 2, £ 2 g i WD in mitigating SIMI. From a
<Zc % % novel perspective, we uncover
DEC i % o e v that BYHWD dampens the in-
2 o 2 E 4 flamed microenvironment in
£ 9. = = the heart of septic mice. There-
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< 3- < 3- o ner. In this study, we perform-
é é § " ed LC-MS/MS experiments
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o o o 4+ are the most enriched chemi-
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E m [o] ﬂ m D 1 retention in BYHWD-loaded
oL AL L1 o Il 11 11 ] o 1f leeel serum. Interestingly, our re-
& & o © & ¢ ® sults are in line with a very
¢ ,ﬁ\‘ e_\-?-‘\ 0,40&5\"@ G,ﬁ‘\\ 5\‘?‘:\ recent literature, in which,
& \;26'" 3 \36" & authors demonstrated that PF

M2-macrophage marker genes

Figure 8. BYHWD promotes macrophages to gain an M2 phenotype in septic
mice. (A-C) RT-qPCR assay determines the level of M1-macrophage marker
genes including Tnfa (A), H2Aa (B), and Nos2 (C) in FASC-sorted macro-
phages from myocardial tissues of normal (Con) mice, vehicle and BYHWD
(high)-treated septic mice (n = 3). Student’s t-test. “*P < 0.01; **P < 0.001.
(D-F) RT-gPCR data showing the expression of M2-macrophage marker
genes including Cd163 (D), Cd206 (E), and Arg1 (F) in FASC-isolated mac-
rophages from myocardial tissues normal (Con) mice, vehicle and BYHWD
(high)-treated septic mice (n = 3). Student’s t-test. “P < 0.05; "*P < 0.001;

P < 0.0001.

ment promotes disease progression remains
largely unknown. Here, with a widely used LPS-
induced septic mouse model, we gained a bet-
ter understanding of the inflamed myocardial
microenvironment of septic hosts. In particular,
we found an increased CD45* immune cell infil-
tration in the heart, and the major component
of these CD45" cells are macrophages. Based
on our results, the M2-polarized macrophage is
helpful to counterbalance the inflamed micro-
environment. Repressing the inflamed myocar-
dial tissue benefits septic mice survival.

As a renowned TCM prescription, the anti-
inflammatory effect of BYHWD has been well

2401

and CBG combined therapy
mitigates ischemic stroke by
activation of PI3BK/AKT signal-
ing [35], implying a broad
therapeutic function of these
two molecules. Mechanisti-
cally, these two compounds
promote the M2-macrophage
phenotypic transition by orch-
estrating NF-kB and TGF-B
signaling.

Several recent investigations have reported
therapeutic functions of BYHWD on heart dis-
ease. For example, BYHWD alleviates ischemic
heart injury by decreasing circulating nitride
oxide and cardiac CD40L expression [26].
Another study showed that BYHWD promotes
angiogenesis and improves microcirculation in
myocardial infarction [36-38]. These studies, in
combination with our work, have provided a
broad therapeutic potential of BYHWD in cardi-
ac-related diseases, although the molecular
mechanisms vary in details.

Collectively, we pinpoint that BYHWD acts as a
promising TCM prescription to treat SIMI sep-

Am J Transl Res 2023;15(4):2389-2406
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Figure 9. Paeoniflorin (PF) and calycosin-7-O-B-glucoside (CBG) are two key chemical components of BYHWD and
drive M2-macropahge polarization by coordinating NF-kB and TGF-B signaling. (A) Liquid chromatography-mass
spectrometry (LC-MS/MS) analysis of the serum from BYHWD-treated septic mice. The serum from normal mice
served as control. The positive ion modes of LC-MS/MS were presented. Peak 1 and 2 indicate two most abundant
chemical molecules of paeoniflorin (PF) and calycosin-7-O-B-glucoside (CBG). The representative sharp peaks of
PF and CBG displayed here were detected in the diluted BYHWD solution. (B, C) Molecular structures and molecu-
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lar weight of PF (B) and CBG (C). (D, E) Determination of the half maximal inhibitory concentration (IC,) of PF (D)
and CBG (E) using RAW264.7cells. (F) Immunoblotting of indicated proteins including phosphorylated p65 (p-p65),
p-Smad, iNOS, arginase 1 (Argl), and Actin. Untreated RAW264.7 cells serve as control (Con). RAW264.7 cells
were pretreated with LPS (10 ng/mL, HY-D1056, MCE) for 24 hr. After LPS was removed, these cells were further
stimulated by vehicle (DMSO), PF (10 pM, HY-0293, MCE), and CBG (1 uM, HY-NO520, MCE) for 24 hr before cells
were collected. (G) Immunoblotting data showing the protein level of p-p65, p-Smad, iINOS, Argl, and Actin. The
RAW264.7 cells were pretreated with LPS (10 ng/mL) for 24 hr to acquire an M1-macrophage phenotype. After LPS
was removed, these cells were further stimulated by either PF (10 uM) or CBG (1 uM) individually or in a combined
manner for 24 hr.
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Figure 10. PF and CBG attenuate myocardial injury and improve survival of septic mice. A. The survival curves of
normal (Con), vehicle, BYHWD (20 mg/Kg), PF (1.5 mg/Kg), and CGB (1 mg/Kg) treated LPS-induced septic mice (n
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= 10 for each group). Log rank test. “P < 0.05; *"P < 0.001. B. The myocardial injury index was quantified based on
the crack number presented in myocardial tissues of vehicle, PF, and CBG treated septic mice (n = 5). C. H&E stain-
ing showing the myocardial histology of normal (Con) mice, and vehicle, BYHWD (20 mg/Kg), PF (1.5 mg/Kg), and
CGB (1 mg/Kg) treated septic mice. Scale bar = 4 mm. D. Immunoblotting results showing the protein level of IL-1(,
TNF-a, p-p65, p-Smad, and actin in the myocardial tissues of normal (Con) mice, vehicle, PF (1.5 mg/Kg), and CBG
(1 mg/Kg)-treated septic mice. E. A schematic working model of the present study. BYHWD, with two key chemical
components paeoniflorin (PF) and calycosin-7-O-B-glucoside (CBG), can mitigate SIMI by suppressing immune cell
infiltration and promoting macrophage to acquire an M2-phenotype. Mechanistically, PF and CGB facilitate M2-
macrophage phenotypic switch by coordinating NF-kB and TGF-B signaling pathways.

sis. This study has largely expanded the thera-
peutic repertoire of BYHWD particularly in SIMI,
highlighting versatile roles of BYHWD as an old
player on a new playground. We focus on the
inflamed cardiac microenvironment in septic
mice, providing promising translational values
of BYHWD from bench to bedside.
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Supplementary Table 1. Antibodies used in this study

Antibodies Lot No. Vendor

Collal 72026 Cell signaling technology
aSMA Ab7817 Abcam

Cleaved caspase 3 9664 Cell signaling technology
YH2AX Ab81299 Abcam

CD45 Ab10558 Abcam

IL1B 12242 Cell signaling technology
TNFa A0277 Abclonal

p-Stat3 9145 Cell signaling technology
p-p65 3033 Cell signaling technology
p-Smad 13820 Cell signaling technology
p-p38 4571 Cell signaling technology
Actin ACO26 Cell signaling technology
Argl 93688 Cell signaling technology
iNOS 13120 Cell signaling technology
CD45.2-PE 12-0451-82 invitrogen
CD11b-FITC 11-0112-41 invitrogen
F4/80-PerCP-Cy5.5 45-4801-82 invitrogen

Supplementary Table 2. Primer sequences for qPCR (5’-3")

Cd86 Forward: TCAATGGGACTGCATATCTGCC
Reverse: GCCAAAATACTACCAGCTCACT
Actin Forward: GGCTGTATTCCCCTCCATCG
Reverse: CCAGTTGGTAACAATGCCATGT
H2Aa Forward: GACCACGTAGGCACCTATGG
Reverse: CTACAGCTATGTTTTGCAGTCCA
Tnf Forward: CAGGCGGTGCCTATGTCTC
Reverse: CGATCACCCCGAAGTTCAGTAG
Nos2 Forward: GTTCTCAGCCCAACAATACAAGA
Reverse: GTGGACGGGTCGATGTCAC
Mcr1/Cd206 Forward: CAGAGCGATTACCTACCCAGC
Reverse: ATTGGGGTTTACCGTGCTCAC
Cd163 Forward: GGTGGACACAGAATGGTTCTTC
Reverse: CCAGGAGCGTTAGTGACAGC
Cd68 Forward: TGTCTGATCTTGCTAGGACCG
Reverse: GAGAGTAACGGCCTTTTTGTGA
Argl Forward: CTCCAAGCCAAAGTCCTTAGAG

Reverse: GGAGCTGTCATTAGGGACATCA
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Supplementary Table 3. The botanical components of BYHWD

Chinese name English name Latin name Family Part used Dry weight (g)

Huanggi Astragali Radix Astragalus membranaceus (Fisch.) Bge. var. Leguminosae root 120
mongholicus (Bge.) Hsiao or Astragalus membra-
naceus (Fisch.) Bge

Chishao Paeoniae Radix Rubra Paeonia lactiflora PalL or Paeonia veitchii Lynch Ranunculaceae root 6

Danggui Angelicae Sinensis Radix Angelica sinensis (Oliv.) Diels. Umbelliferae Rhizome 4

Chuanxiong Chuanxiong Rhizoma Ligusticum chuanxiong Hort Umbelliferae root 5

Honghua Carthami Flos Carthamus tinctorius L. Feverfew flower 3

Taoren Persicae Semen Prunus persica (L) Batsch or Prunus davidiana Rosaceae seed 3
(Carr.) Franch.

Dilong Pheretima Pheretima aspergillum (E. Perrier) or heretima Megascolecidae Whole body 3

vulgaris Chen or Heretima guillelmi (Michaelsen)
or heretima pectinifera Mkhaeken




