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(A:51个靶点相互作用的结果;B:显示为11个核心蛋白的Degree值进行排序;C:11个核心蛋白的相互作用的情况。A:
 

The
 

result
 

of
 

the
 

interaction
 

of
 

51
 

targets.
 

B:
 

The
 

Degree
 

values
 

of
 

the
 

11
 

core
 

proteins
 

are
 

displayed
 

and
 

sorted.
 

C:
 

The
 

interaction
 

of
 

the
 

11
 

core
 

proteins.)

图5 蛋白互作网络构建及核心基因的筛选结果

Fig.5 Protein
 

interaction
 

network
 

construction
 

and
 

screening
 

results
 

of
 

core
 

genes
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(图A为上调基因;图B为下调基因。Control代表对照组;1/4
 

MIC代表特定浓度黄芩苷处理组;MIC
 

表示最小抑菌浓度,即最小能抑制可见细菌生长

的药物浓度。 表示组间差异显著(P<0.05), 表示组间差异高度显著(P<0.01), 表示组间差异极显著(P<0.001)。Figure
 

A
 

shows
 

upregu-
lated

 

genes,
 

and
 

Figure
 

B
 

shows
 

downregulated
 

genes.
 

Control
 

represents
 

the
 

control
 

group,
 

and
 

1/4
 

MIC
 

represents
 

the
 

specific
 

concentration
 

of
 

baica-
lin

 

treatment
 

group;
 

MIC
 

stands
 

for
 

minimum
 

inhibitory
 

concentration,
 

which
 

is
 

the
 

minimum
 

concentration
 

of
 

a
 

drug
 

that
 

can
 

inhibit
 

the
 

growth
 

of
 

visi-
ble

 

bacteria.
  

indicates
 

a
 

significant
 

difference
 

between
 

groups
 

(P<0.05),
  

indicates
 

a
 

highly
 

significant
 

difference
 

between
 

groups
 

(P<0.01),
 

and
  

indicates
 

an
 

extremely
 

significant
 

difference
 

between
 

groups
 

(P<0.001).)

图6 差异基因RT-qPCR验证结果

Fig.6 RT-qPCR
 

validation
 

results
 

of
 

differential
 

genes

图7 嗜水气单胞菌感染鱼的生存曲线

Fig.7 Survival
 

curve
 

of
 

Aeromonas
 

hydrophila-infected
 

fish

血或增生现象,表明存在炎症反应(见图9)。对照组肠

绒毛完整,肠壁结构清晰,肠黏膜上皮的细胞形态完

整;模型组肠道固有层充血、水肿、增厚,并伴有炎性细

胞浸润,黏膜上皮损伤脱落(见图10)。药物组相较于

模型组,肝脏组织得到修复,细胞排列整齐平滑,炎症

细胞浸润减少,血管形态趋于正常,肝小叶结构有一定

程度恢复,肝细胞排列整齐,胆管和肝血窦形态有所改

善(见图9)。药物处理组肠绒毛结构完好,与对照组无

明显差异;隐窝结构正常,细胞增殖和分化正常;肠道

各层结构正常,无炎症细胞浸润,肌层和浆膜层正常

(见图10)。
2.9.4

 

脾脏抗氧化和炎症相关基因表达  抗氧化指

标结果如图11所示。在SOD 基因表达方面,模型组

表达量最高,对照组最低,药物组介于两者之间(P<
0.001),这表明模型组存在氧化应激反应,导致SOD
基因表达量升高,而黄芩苷药物处理能够部分缓解这

种反应(见图11)。抗氧化的炎症因子指标结果如图12
所示。药物组的表达水平介于对照组和模型组之间,
且药物组与模型组、对照组在两种基因上都存在显著

差异(P<0.001),这表明药物处理对模型组的炎症反

应有一定的缓解作用,但还不能完全将基因表达水平

恢复到对照组的状态。各组脾脏中炎症相关基因

IFN-γ和TNF-α的mRNA相对表达量存在显著组间

差异。与空白组相比,模型组IFN-γ 和TNF-α表达

极显著升高(P<0.001);25
 

mg/kg组IFN-γ表达显

著低于模型组(P<0.05),TNF-α表达极显著低于模

型组(P<0.001),表明该处理可显著调控脾脏炎症因

子的基因表达水平。
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(ns
 

表示组间差异不显著,表示组间差异显著(P<0.05), 表示组间差异非常显著(P<0.01), 表示组间差异极显著(P<0.001), 表示组间差

异超显著(P<0.000
 

1)。ns
 

indicates
 

no
 

significant
 

difference
 

between
 

groups,
  

indicates
 

a
 

significant
 

difference
 

between
 

groups
 

(P<0.05),
  

indi-
cates

 

a
 

very
 

significant
 

difference
 

between
 

groups
 

(P<0.01),
  

indicates
 

a
 

highly
 

significant
 

difference
 

between
 

groups
 

(P<0.001),
 

and
  

indi-
cates

 

an
 

extremely
 

significant
 

difference
 

between
 

groups
 

(P<0.000
 

1).)

图8 各组脏器指数

Fig.8 Organ
 

indices
 

for
 

each
 

group

(A:模型组;B:对照组;C:黄芩苷药物处理组。A:
 

Model
 

group;
 

B:
 

Control
 

group;
 

C:
 

Baicalin-treated
 

group.
 

)

图9 肝脏病理学观察(HE染色)

Fig.9 Liver
 

pathological
 

observation
 

(HE
 

staining)

3 讨论

在本研究中,通过对黄芩苷作用嗜水气单胞菌后

的转录组分析,联合生物信息学探索黄芩苷抑制嗜水

气单胞菌感染所涉及到的生物学功能及信号转导途径

的变化,发现metG 和groL 基因的转录水平显著下调,
其中,metG 参与甲硫氨酸转化的反应。当该基因的表

(A:模型组;B:对照组;C:黄芩苷药物处理组。A:
 

Model
 

group;
 

B:
 

Control
 

group;
 

C:
 

Baicalin-treated
 

group.
 

)

图10 肠道病理学观察(HE染色)

Fig.10 Intestinal
 

pathological
 

observation
 

(HE
 

staining)

达受到影响,甲硫氨酸的合成可能受阻,进而影响细菌

的蛋白质合成。而groL 基因主要参与蛋白质的折叠

和稳定过程,当groL 基因的表达受到抑制,细菌将无

法有效地应对环境压力,导致蛋白质错误折叠,影响细

菌的正常生理功能和生存能力[19]。这表明黄芩苷可能

通过影响细菌氨基酸合成和代谢来抑制其生长。
利用DESeq2软件筛选与对照组相比显著差异表

达的基因,结果显示,嗜水气单胞菌经黄芩苷处理后,
差异表达上调基因有556个,下调基因352个,这些基

05
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(ns表示组间差异不显著, 表示组间差异极显著(P<0.001)。ns
 

indicates
 

that
 

the
 

differences
 

between
 

groups
 

are
 

not
 

significant,
  

indicates
 

an
 

extremely
 

significant
 

difference
 

between
 

groups
 

(P<0.001).
 

)

图11 脾脏抗氧化相关基因表达

Fig.11 Expression
 

of
 

antioxidant-related
 

genes
 

in
 

the
 

spleen

( 表示组间差异显著(P<0.05), 表示组间差异高度显著(P<0.01), 表示组间差异极显著(P<0.001)。
 

indicates
 

a
 

significant
 

difference
 

between
 

groups
 

(P<0.05),
  

indicates
 

a
 

highly
 

significant
 

difference
 

between
 

groups
 

(P<0.01),
 

and
  

indicates
 

an
 

extremely
 

significant
 

differ-
ence

 

between
 

groups
 

(P<0.001).
 

)

图12 脾脏炎症相关基因表达

Fig.12 Expression
 

of
 

inflammation-related
 

genes
 

in
 

the
 

spleen
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因主要与细菌的双组分系统、磷酸转移酶系统有关。
双组分系统在细菌适应外界环境变化以及代谢、氧化

还原控制和感染中具有重要功能[20]。马世林等[21]研
究表明,嗜水气单胞菌双组分系统EnvZ/OmpR参与

了对渗透胁迫的响应,并在调控生物被膜的形成方面

起着关键作用。此外,该系统在促进细菌在宿主体内的

系统扩散过程中也发挥着重要作用。这一发现为深入理

解嗜水气单胞菌的致病机制提供了新的视角,也为开发

针对该细菌的防治策略提供了潜在的靶点[22]。本研究
中,与对照组相比,黄芩苷处理组嗜水气单胞菌的双组分

系 统 相 关 基 因 PaaJ、Tar、FlgL、COG4564、SfcA、
COG3437、RocR的转录水平显著下调,推测黄芩苷可能

通过双组分系统调控嗜水气单胞菌的毒力。
通过对差异基因进行GO和KEGG富集分析,发

现经黄芩苷处理后嗜水气单胞菌差异表达基因主要影

响细菌的蛋白质合成、碳氮代谢以及氨基酸的合成代

谢。碳源和氮源作为微生物生长代谢的重要营养元

素[23],转录组分析发现黄芩苷干预后嗜水气单胞菌碳
氮代谢受到限制,从而影响磷酸酶转移系统的运行和

对嗜水气单胞菌毒力的调控[24]。本研究发现黄芩苷作

用嗜水气单胞菌后,差异基因涉及到的生物学功能以

及通路变化集中于氨基酸的生物合成和代谢,与上述

转录组分析结果一致,其中,调控氨基酸合成与代谢的

相关基因表达水平下调,表明黄芩苷可能通过抑制氨

基酸的合成代谢,来影响嗜水气单胞菌的生理生化功

能及致病性。
在实验中,随机筛选差异表达基因进行RT-qPCR

实验验证。结果显示,相关基因的表达趋势与转录组

分析一致,这表明转录组测序结果可靠且准确。此外,
分析显示,与双组分系统相关的调控基因Tar表达下

调,与磷酸转移酶系统相关的基因PtsG 的表达水平上

调,而与氨基酸合成代谢相关的基因argB、argD 的转

录水平显著下调。这进一步表明,黄芩苷通过调控双

组分系统、磷酸转移酶系统以及氨基酸的合成代谢,从
而抑制嗜水气单胞菌的生长、毒力及致病性。

王帅兵等[25]研究发现,在亚抑菌浓度(1/2
 

MIC)
下黄芩苷只能减缓细菌生长速度,不能完全抑制细菌

生长,而在1
 

MIC浓度下可以完全抑制细菌生长,这与

本研究结果一致。此外,一些中药药物在联合使用时

具有协同增效作用,本研究可以为中药复方抑制嗜水

气单胞菌生长提供理论依据。Wang等[26]研究发现,黄
芩苷可通过激活JNKs、p38/MAPK和SRA信号通路促

进巨噬细胞凋亡,促进M2型巨噬细胞极化来降低炎症

反应。同时,黄芩苷能增强CD4
 

T细胞的Foxp3表达,
促进调节性T细胞的分化,抑制Th17细胞分化,并通过

调控mTOR途径影响Treg/Th17平衡。上述结果表明,
黄芩苷可通过刺激水产动物的免疫活性,来提高免疫相

关基因的表达,从而在免疫调节方面发挥积极作用。

Jia等[27]研究表明,黄芩苷具有抗氧化和抗炎活

性,日粮中添加黄芩苷提高了罗非鱼的饲料效率,增强

了抗氧化能力,减轻了肝脏损伤。Zhang等[28]研究表

明,黄芩苷可以改善TAA诱导的发育毒性和炎症反

应,降低斑马鱼
  

(Danio
 

rerio)幼虫的氧化应激水平。
黄芩苷可以增加p38、ERK1/2和PPARa转录活性,进
而调节肝脏发育。黄芩苷可通过 MAPK信号通路抑

制TAA诱导的斑马鱼幼虫的发育毒性。本研究的保

护性实验结果表明黄芩苷对于感染了嗜水气单胞菌的

宿主具有一定的治疗作用,添加一定量的黄芩苷可以

显著提高感染鱼的存活率,增强脾脏组织抗氧化能力,
减少炎症因子的表达。黄芩苷干预后,肠道黏膜结构

相对完整,肝小叶结构有所恢复,炎症细胞浸润程度减

轻,胆管及肝血窦形态趋于正常。RT-qPCR结果显示,
黄芩苷对于缓解氧化应激和炎症反应有一定作用,这进

一步说明黄芩苷在体内对嗜水气单胞菌具有一定的抑制

作用,该结果与前述部分体外实验结果相互印证。

4 结语

本研究结果显示,黄芩苷处理嗜水气单胞菌后,细
菌生长受到显著抑制,菌体结构的完整性被破坏。此

外,细菌双组分系统和磷酸转移酶系统相关基因的表

达水平发生了显著变化。通过GO和KEGG富集分析

发现,相关基因显著富集的通路或生物学过程包括蛋

白质合成、碳氮代谢以及氨基酸合成代谢。这表明黄

芩苷能够通过上述信号通路调控嗜水气单胞菌的毒力

和致病性,体内实验结果进一步验证了黄芩苷对于嗜

水气单胞菌感染的作用。黄芩苷对感染鱼的肠道、肝
脏等有一定修复作用,能增强组织抗氧化能力,可以减

轻因感染病菌导致的炎症反应,从而增加感染鱼的存

活率。本研究结果为深入探究黄芩苷防治嗜水气单胞

菌感染的作用机制,及其作为替抗药物的开发应用提

供了新思路。尽管本研究对黄芩苷的作用机制进行了

初步探索,但研究尚存在一定局限性,未来研究需进一

步考虑体内环境的复杂性,如动物体内的免疫系统、微
生物群落的相互作用等因素可能对黄芩苷的抑菌效果

和作用机制产生影响。
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Abstract: To
 

explore
 

the
 

mechanism
 

of
 

action
 

of
 

baicalin
 

in
 

inhibiting
 

the
 

growth
 

of
 

Aeromonas
 

hydrophila.
 

By
 

analyzing
 

the
 

effects
 

of
 

baicalin
 

on
 

the
 

growth,
 

morphology,
 

and
 

transcriptome
 

data
 

of
 

A.
 

hydrophila,
 

key
 

candidate
 

genes
 

for
 

its
 

inhibition
 

were
 

identified.
 

Specifically,
 

the
 

minimum
 

inhibitory
 

concentration
 

(MIC)
 

and
 

minimum
 

bactericidal
 

concentration
 

(MBC)
 

of
 

baicalin
 

against
 

A.
 

hydrophila
 

were
 

determined
 

using
 

the
 

serial
 

dilution
 

method.
 

The
 

bacteria
 

were
 

inoculated
 

into
 

liquid
 

media
 

containing
 

different
 

concentrations
 

of
 

baicalin,
 

and
 

the
 

OD600 values
 

were
 

measured
 

to
 

construct
 

growth
 

curves.
 

The
 

morphological
 

changes
 

of
 

the
 

bacteria
 

were
 

observed
 

using
 

transmission
 

electron
 

microscopy.
 

RNA
 

was
 

extracted
 

from
 

the
 

collected
 

bacteria
 

for
 

high-throughput
 

transcriptome
 

sequencing.
 

Differential
 

genes
 

were
 

screened
 

using
 

the
 

threshold
 

of
 

|log2(Fold
 

change)|≥1
 

and
 

P≤
0.05,

 

and
 

key
 

genes
 

were
 

identified
 

through
 

GO
 

annotation
 

and
 

KEGG
 

functional
 

enrichment
 

analysis.
 

The
 

transcriptome
 

sequencing
 

results
 

were
 

verified
 

using
 

RT-qPCR.
 

The
 

MIC
 

and
 

MBC
 

of
 

baicalin
 

against
 

A.
 

hydrophila
 

were
 

both
 

7.81
 

mg/mL.
 

Baicalin
 

at
 

a
 

concentration
 

of
 

1/2
 

MIC
 

prolonged
 

the
 

time
 

for
 

the
 

bacteria
 

to
 

enter
 

the
 

stationary
 

phase
 

and
 

had
 

a
 

certain
 

inhibitory
 

effect
 

on
 

bacterial
 

growth.
 

Baicalin
 

at
 

a
 

concentration
 

of
 

1
 

MIC
 

significantly
 

inhibited
 

the
 

growth
 

of
 

A.
 

hydrophila.
 

Transmission
 

electron
 

microscopy
 

revealed
 

that
 

the
 

surface
 

of
 

the
 

bacteria
 

treated
 

with
 

baicalin
 

was
 

not
 

smooth,
 

the
 

edges
 

of
 

the
 

cell
 

wall
 

were
 

rough,
 

and
 

the
 

normal
 

structure
 

of
 

the
 

bacteria
 

was
 

destroyed,
 

indicating
 

that
 

baicalin
 

could
 

disrupt
 

the
 

structural
 

integrity
 

of
 

A.
 

hydrophila.
 

The
 

transcriptome
 

sequencing
 

results
 

showed
 

that
 

after
 

baicalin
 

acted
 

on
 

the
 

bacteria,
 

a
 

total
 

of
 

908
 

genes
 

exhibited
 

differential
 

expression
 

to
 

varying
 

degrees,
 

among
 

which
 

556
 

genes
 

were
 

upregulated
 

and
 

352
 

genes
 

were
 

downregulated.
 

The
 

differentially
 

expressed
 

genes
 

were
 

significantly
 

enriched
 

in
 

the
 

two-component
 

system,
 

phosphotransferase
 

system,
 

and
 

amino
 

acid
 

synthesis
 

and
 

metabolism-related
 

coding
 

genes
 

of
 

A.
 

hydrophila.
 

GO
 

functional
 

analysis
 

revealed
 

that
 

the
 

differentially
 

expressed
 

genes
 

were
 

involved
 

in
 

processes
 

such
 

as
 

cellular
 

composition,
 

extracellular
 

region,
 

and
 

catalytic
 

activity.
 

KEGG
 

enrichment
 

analysis
 

indicated
 

that
 

the
 

differentially
 

expressed
 

genes
 

were
 

mainly
 

enriched
 

in
 

pathways
 

related
 

to
 

protein
 

synthesis,
 

genetic
 

information
 

processing,
 

and
 

the
 

biosynthesis
 

of
 

branched-chain
 

amino
 

acids.
 

The
 

results
 

of
 

the
 

RT-qPCR
 

experiment
 

demonstrated
 

the
 

high
 

accuracy
 

of
 

the
 

transcriptome
 

data.
 

Animal
 

experiments
 

showed
 

that
 

baicalin
 

not
 

only
 

enhanced
 

antioxidant
 

capacity
 

but
 

also
 

significantly
 

regulated
 

the
 

expression
 

of
 

inflammation-related
 

genes
 

such
 

as
 

spleen
 

IFN-γ
 

and
 

TNF-α,
 

effectively
 

improving
 

oxidative
 

stress
 

and
 

inflammatory
 

states
 

in
 

the
 

body.
 

Baicalin
 

can
 

significantly
 

inhibit
 

the
 

growth
 

of
 

A.
 

hydrophila,
 

disrupt
 

the
 

structural
 

integrity
 

of
 

the
 

bacterial
 

cell,
 

and
 

alter
 

the
 

physiological
 

and
 

biochemical
 

functions
 

and
 

virulence
 

of
 

A.
 

hydrophila
 

by
 

affecting
 

extracellular
 

transport
 

metabolism,
 

two-component
 

systems,
 

and
 

related
 

amino
 

acid
 

synthesis
 

and
 

metabolism
 

signaling
 

pathways.
 

Furthermore,
 

it
 

can
 

alleviate
 

oxidative
 

stress
 

and
 

inflammatory
 

responses
 

in
 

infected
 

animals.
Key

 

words: baicalin;
 

Aeromonas
 

hydrophila;
 

anti-bacterium;
 

transcriptome
 

analysis
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