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Abstract: Background: Huangtu decoction (HTD), a traditional Chinese medicine recipe, warms the spleen, nour-
ishes the blood, and stops bleeding. It has been used to treat dysentery, gastrointestinal bleeding, diarrhea, and
other symptoms caused by spleen-yang deficiency for more than 2,000 years in China. However, the mechanism
underlying the treatment of chronic diarrhea due to spleen-yang deficiency (CDSD) using HTD remains unclear.
Aims: This study investigated whether HTD could mediate intestinal flora and serum metabolites to improve CDSD
symptoms using a mouse model. Methods: A CDSD mouse model induced by senna and an abnormal diet was con-
structed. The regulatory effects of HTD at 12.5, 25.0, and 50.0 g/kg/d on CDSD mice were assessed by measuring
their bodyweight, diarrhea rate, loose stool rate, and histopathology. Changes in the intestinal flora of CDSD mice
were analyzed by 16S rRNA gene sequencing. Untargeted serum metabolomic analysis was performed using ultra-
high performance liquid chromatography-mass spectrometry/mass spectrometry (UHPLC-MS/MS). Results: HTD
had a modulating effect on CDSD by reducing the weight loss, diarrhea rate, loose stool rate, and pathologic dam-
age. Intestinal flora analysis showed that HTD altered the community composition by decreasing the abundance of
Allobaculum, Lactobacillus, and Ruminococcus. Serum metabolomics revealed that ascorbate and aldarate metab-
olism, aldosterone synthesis and secretion, platelet activation, hypoxia-inducible factor 1 signaling pathway, inositol
phosphate metabolism, phosphatidylinositol signaling, galactose metabolism, and alpha-linolenic acid metabolism
were modulated after HTD treatment. Conclusion: HTD may alleviate CDSD symptoms by reducing weight loss, diar-
rhea rate, loose stool rate, and pathologic damage caused by modeling and regulating intestinal flora and serum
metabolites in CDSD mice.

Keywords: Huangtu decoction, chronic diarrhea, metabolomes, intestinal microbiotas, traditional Chinese medi-
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Introduction diarrhea severely affects quality of life, leads to
high healthcare utilization, and incauses a

Chronic diarrhea is a common gastrointestinal financial burden [5].

disorder with a global prevalence of 3-20% and

is a public health problem in many regions of
the world, especially where poverty prevails [1,
2]. Children in poor countries are at a higher
risk of developing diarrhea [3]. Globally, approx-
imately 530,000 children under five years old
died from diarrhea in 2017, accounting for
approximately 78.4 per 100,000 [4]. Chronic

Evidence suggests that the gut microbiome is
closely related to diarrhea and that the compo-
sition of the intestinal microbial community
could provide a phenotypic marker of human
susceptibility to diarrheal disease [6-8]. Fecal
microbiota transplantation is expected to
become a new treatment for diarrhea [9]. The
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intestinal microbiome can also affect the devel-
opment of diseases by affecting the host
metabolites [10, 11].

The acceptance of traditional Chinese medi-
cine (TCM) has gradually increased world
wide. In subjects with IBS, the gut microbiota
has been observed to have increased levels
of Enterobacteriaceae, Ruminococcus, Clos-
tridium, and Dorea species and decreased
levels of Lactobacillus, Bifidobacterium, and
Faecalibacterium species compared to healthy
controls [12, 13]. The discovery of new thera-
peutic drugs from TCM has become a research
hotspot [14]. TCM treatment is a complemen-
tary and alternative therapy for diarrhea with a
good curative effect [15-17]. Some studies
have indicated that herbs and recipes from
TCM used to treat diarrhea could also improve
the structure and function of intestinal flora
[18-20].

In TCM, “spleen” is different from the anatomi-
cal spleen organ. It is a comprehensive concept
of structures mainly involving the spleen, stom-
ach, pancreas, and lymphoid [17]. The spleen is
the hub for digesting food, distribution of cereal
essence, and body fluid metabolism, and it has
a close relationship with maintaining the basic
functions of the human body [21]. Spleen yang
deficiency disturbs the gastrointestinal move-
ment, and is clinically manifested by loss of
appetite, indigestion, weight loss, abdominal
distension, and loose stools or diarrhea [22].

Huangtu decoction (HTD) is a well-known TCM
recipe that has been used for over 2,000 years
in China to treat dysentery, bloody stools, and
diarrhea caused by spleen-yang deficiency with
a good effect [23]. However, there is little
research and development on this classic reci-
pe. It is composed of seven medicinal herbs:
Terra Flava Usta, Rehmanniae Radix, Scutella-
riae Radix, Aconiti Lateralis Radix Praeparata,
Asini Corii Colla, Atractylodis Macrocephalae
Rhizoma, and Glycyrrhizae Radix et Rhizoma. In
our previous study, HPLC-MS/MS was used to
analyze the chemical compositions of HTD,
and a total of 47 compounds were identified
from it, mostly flavones and alkaloids, such as
LicoricesaponinG2, Glycyrrhizic Acid, Liquiriti-
genin, Wogonin, Eriodictyol, Luteolin, Quercetin,
Genistein, Pinobanksin, Hesperetin, Isorhamne-
tin, Chrysin, Pinocembrin, Calycosin, Retrochal-
cone, 5-Hydroxymethyl-2-Furaldehyde, Atracty-
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lenolide ll, Uridine, Adenosine, Phlinoside A,
Rehmannioside D, Citric Acid, Guanosine, Mus-
saenosidic Acid, Verbascoside, Martynoside,
P-Coumaric Acid, Vanillic Acid, 4-Hydroxybenzoic
Acid, Scutellarin, Apigenin-7-O-Glucuronide, 2’,
5,6',7-Tetrahydroxyflavanone, Karakoline, Isota-
latizidine, Fuziline, Talatizamine, Neoline, Son-
gorine, Aconine, Hetisine, Benzoylmesaconine,
14-Benzoylaconine, Benzoylhypaconine, Mesa-
conitine, Hypaconitine, Aconitine, and Deoxya-
conitine [23]. However, the mechanism of HTD
in the treatment of diarrhea is still not clear.

In this study, we constructed a CDSD mice
model to investigate the regulative role of HTD
on intestinal flora and serum metabolites. The
CDSD mice model was induced by the combina-
tion of laxative and irregular diet, which was
similar to the syndrome of “spleen-yang defi-
ciency” diarrhea. All the mice had diarrhea,
accompanied by withered fur, poor mental
appetite, and little aggregation, indicating that
the CDSD modeling was successful. The crite-
ria for diagnosing spleen-yang deficiency syn-
drome diarrhea in mice, based on macroscopic
symptoms, include: watery stools or unformed
fecal pellets, cold limbs, a hunched back,
reduced food intake and weight loss, along with
signs of lethargy. These diagnostic guidelines
are derived from the clinical signs of spleen-
yang deficiency syndrome diarrhea and rele-
vant literature references.

Materials and methods
Preparation of drug extract

HTD extracts were prepared according to the
method described by ‘JingGuiYaoLue'. Briefly,
seven herbs Terra Flava Usta (111.4 g,
AnguolJuyaotang Pharmaceutical, CHN), Re-
hmanniae Radix (41.8 g, Sichuan Neautus
TCM, CHN), Scutellariae Radix (41.8 g, Sichuan
Neautus TCM, CHN), Aconiti Lateralis Radix
Praeparata (41.8 g, Sichuan Neautus TCM,
CHN), Asini Corii Colla (41.8 g, Sichuan Neautus
TCM, CHN), Atractylodis Macrocephalae Rhi-
zoma (41.8 g, Sichuan Neautus TCM, CHN), and
Glycyrrhizae Radix et Rhizoma (41.8 g, Sichuan
Neautus TCM, CHN) were mixed with purified
water. Aconiti Lateralis Radix Praeparata were
soaked for 12 h. The other herbs were soaked
for 30 min, boiled twice for 1 h, filtered, and
concentrated to 2 g/mL of decoction.
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Figure 1. Effect of HTD on CDSD mice induced by senna water extract and abnormal diet (n = 10). A. Schematic
diagram of CDSD mice establishment and HTD treatment. B-E. HTD significantly reduces the weight loss, diarrhea
rate, loose stool rate, and pathologic damage of colonic and gastric mucosa in CDSD mice. Values are expressed as
mean + SD. **P < 0.01 vs. Normal group. ##P < 0.01 vs. Model group.

Senna water extract: Senna leaves (100 g,
Sichuan Neautus TCM, CHN) were soaked in
warm water for 12 h. The residue was filtered
and concentrated to 100 mL to obtaina 1 g/mL
concentration of senna water extract and then
stored at 4°C.

Animals and experimental design

Specific pathogen-free (SPF)-grade male Kun-
ming (KM) mice (22-28 g) were supplied by SPF
(Beijing) Biotechnology Co., Ltd. (DCXK (Beijing)
2019-0010). The mice were kept in indepen-
dent ventilation cages at a constant tempera-
ture (22 + 2°C) and humidity (55 + 10%) with
12 h of light per day and allowed food and water
ad libitum for 7 days before the experiment.

A total of 50 KM mice were randomly and
equally divided into 5 groups: the normal group,
model group, HTD-treated low-dose group
(12.5 g/kg, HTDL), HTD-treated medium-dose
group (25.0 g/kg, HTDM), and HTD-treated
high-dose group (50.0 g/kg, HTDH). Chronic
diarrhea of spleen-yang deficiency (CDSD) mice
was induced by feeding in a cycle of full food for
1 d, fasting for 1 d, with 0.04 mg/kg senna
water extract every day according to body
weight for 10 days [17, 24-27]. After modeling,
the CSCD mice exhibited different degrees of
symptoms, including diarrhea, darkening of fur,
loss of appetite and weight, and laziness, indi-
cating that the modeling was successful. Saline
was administered to the normal group. The
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CDSD mice were treated with HTD extract for 7
days at an arranged dose, except for the model
group. Finally, all the mice were fasted over-
night for at least 12 h and were sacrificed fol-
lowing isoflurane anaesthesia the next day
(Figure 1A). The serum, colon tissues, gastric
mucosa, and feces were collected for further
analysis. The weight, diarrhea rate, loose stool
rate, and pathological damage of colon and
gastric mucosa of each group were analyzed
(Figure 1B-E).

The animal experimental protocol was approved
by the Ethics Review Committee of Chengdu
Women’s and Children’s Central Hospital (No.
[2023]6, 2023/01/16). All procedures were
performed in accordance with the Guide for the
Care and Use of Laboratory Animals (National
Institute of Health).

Body weight, diarrhea rate, and loose stool
rate

The weight, number of loose stools, total stools
within 6 h after administration, and number of
diarrhea mice in each group were recorded at
the 1, 10, and 18 days of the experiment. The
diarrhea and loose stool rates were calculated
using the following formula:

number of diarrhea mice in each group

X %
total number of mice in each group 100%>

Diarrhea rate =

Loose stool rate = number of loose stools within 6 hours after administration 100%-
total number of stools within 6 hours after administration ?

Am J Transl Res 2024;16(6):2248-2262
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Table 1. Histopathologic scoring criteria of colonic and gastric mucosa

Score 0 1 2 3
Colon Epithelial injury and ulcer - Erosion Ulcer (involving mucosa  Ulcer (involving mucous
and submucosa) muscularis to the serosa)
Edema and congestion - Mild Moderate Severe
Lymphoid, mononuclear, - Mild Moderate Severe
and plasma cell infiltration
neutrophil infiltration - Mild Moderate Severe
Eosinophil infiltration - Mild Moderate Severe
Gland damage - Mid Moderate Severe
Gastric mucosa Inflammation and mucosal Local congestion, epithelial detachment, Massive bleeding, erosion
damage redness, and other focal erosion, and other (> 2 mm), and other severe
mild damage moderate damage damage
Histopathology with > 97% similarity were assigned to the

The colon and stomach samples were cut into
small pieces, fixed in 4% paraformaldehyde,
embedded in paraffin, and stained with hema-
toxylin and eosin (H&E). Histopathologic chang-
es were examined under a microscope and
scored according to specific criteria, as shown
in Table 1.

Genomic DNA extraction and 16S rRNA se-
quencing

The feces were collected from the colon of
mice, placed in sterile tubes, and immediately
frozen at -80°C. Genomic DNA extraction and
16S rRNA sequencing of the normal, model,
and HTDM groups was performed by Novogene
Co., LTD. The cetyl trimethylammonium bro-
mide method was used for faecal DNA extrac-
tion. The purity and concentration of the DNA
were detected by agarose gel electrophoresis,
and diluted to 1 ng/ul. The 16S rRNA genes
of the V4 region were amplified using the
515F-806R primer with a barcode. All poly-
merase chain reactions (PCR) were conducted
with the Phusion® High-Fidelity PCR Master Mix
(New England Biolabs) on a Bio-Rad T100 gra-
dient thermal cycler. Finally, the library was
sequenced on an lllumina NovaSeq platform,
and 250 bp paired-end reads were generated.

Sequencing data analysis

Effective tags were obtained after merging the
paired-end reads of each sample using FLASH
(V1.2.7) software [28], filtered using QIIME
(V1.9.1[29]), and the chimeric sequences were
removed. Sequence analysis was performed
using Uparse (v7.0.1001) [30] and sequences
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same operational taxonomic units (OTUs). The
representative sequence for each OTU was
screened for further annotation using the Silva
database [31], which was based on the Mothur
algorithm to annotate taxonomic information.
The unweighted pair-group method with arith-
metic mean clustering was performed using
QIIME (Version 1.9.1). Linear discriminant
analysis Effect Size (LEfSe) analysis was per-
formed using the LEfSe software with the
default setting of a screening value of 4 for the
LDA score. 3D Principal component analysis
(PCA) plots, principal coordinate analysis (PCoA)
plots, and plots of significant differences in
species between groups were created using R
(version 2.15.3).

Serum metabolomics assays

The serum samples were mixed and resus-
pended in prechilled 80% methanol and 0.1%
formic acid by vortexing. Then the samples
were incubated on ice for 5 min and centrifuged
at 15,000 g, 4°C for 20 min. Some of the super-
natants were diluted to a final concentration
containing 53% methanol by LC-MS-grade
water. Subsequently, the samples were centri-
fuged at 15,000 g, 4°C for 20 min. Finally, the
supernatant was injected into the UHPLC-MS/
MS system analysis [32].

UHPLC-MS/MS analyses were performed using
a Vanquish UHPLC system (Thermo Fisher,
Germany) coupled with an Orbitrap Q Exactive™
HF mass spectrometer (Thermo Fisher, Ger-
many) in Novogene Co., Ltd. (Beijing, China).
Chromatographic conditions: Hypesil Gold col-
umn (100%x2.1 mm, 1.9 um), 40°C, a flow rate
of 0.2 mL/min, and a 17-min linear gradient

Am J Transl Res 2024;16(6):2248-2262
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were applied. The eluents for the positive polar-
ity mode were eluent A (0.1% formic acid in
water) and eluent B (methanol), whereas the
eluents for the negative polarity mode were elu-
ent A (5 mM ammonium acetate, pH 9.0) and
eluent B (methanol). The solvent gradient was
set as follows: 2% B, 1.5 min; 2-100% B, 12.0
min; 100% B, 14.0 min; 100-2% B, 14.1 min;
2% B, 17 min. Q Exactive™ HF mass spectrom-
eter was operated in positive/negative polarity
mode with a spray voltage of 3.2 kV, capillary
temperature of 320°C, sheath gas flow rate of
40 arb, and auxiliary gas flow rate of 10 arb.

Metabolomic data analysis

To obtain accurate qualitative and relative
quantitative results for each metabolite, the
raw data files generated by UHPLC-MS/MS
were processed using the Compound Dis-
coverer 3.1 (CD3.1, Thermo Fisher) to obtain
accurate qualitative and relative quantitative
results for each metabolite. PCA and partial
least squares discriminant analysis (PLS-DA)
were performed using metaX [33]. Metabolites
with a VIP > 1 and P-value < 0.05 and fold
change > 2 or FC < 0.5 were recognized to
as differential metabolites. Metabolites were
annotated using the KEGG, HMDB, and LIPID
MAPS databases. Univariate analysis (t-test)
was performed to determine the statistical sig-
nificance (p-value). Volcano plots and heat-
maps were generated in the R language.
Pearson’s correlation between differential me-
tabolites was assessed using the cor() function
in R language. Metabolic pathway enrichment
of the differential metabolites was assessed
using the KEGG database. If x/n > y/N, the met-
abolic pathway was identified as being enriched.
Statistical significance (P-value) was calculated
by univariate analysis (t-test), and P-values <
0.05 were considered significant. MetaStat
analysis was performed at each taxonomic
level to obtain P values for the permutation test
between the groups.

Results

Physical and physiologic effects of HTD in
CDSD mice

The diarrhea assessment results revealed that
weight loss, diarrhea rate, and loose stool rate
were significantly higher (P < 0.01) in the model
group than in the control and HTD treatment
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groups (Figure 1B-D). Compared to the control
group, H&E staining revealed obvious patho-
logic changes in the colon and gastric mucosa
in the model group; however, HTD treatment
could reduce these pathologic changes with a
dose-dependent effect (Figure 2).

Intestinal flora diversity analysis of mice in dif-
ferent groups

As shown in Figure 3A, the overall structural
characteristics of the intestinal flora of the
three groups were compared using PCoA
(Figure 3A), Venn diagram (Figure 3B), and
unweighted pair-group method with arithmetic
mean dendrogram (Figure 3C). The model
group was distant from the normal group. In
contrast, the HTD group was clustered togeth-
er, indicating that the intestinal flora of CDSD
mice was significantly altered, and the compo-
sition of intestinal flora became similar to that
of healthy mice after HTD administration. The
overlapping part in Venn showed that 478 OTUs
were common among the three groups, and the
specific OTUs in the normal, model and HTD
groups were 27, 38, and 30, respectively.
Figure 3D-F shows the relative abundance of
the top ten intestinal flora at the phylum, family,
and genus levels. The ternary diagram profiles
in Figure 3G-1 show the dominant OTU differ-
ences among groups.

The top ten most abundant phyla in the normal
group were mainly composed of Bacteroides
and Firmicutes. Compared to the normal group,
the abundance of Campilobacterota (P <
0.05) and Proteobacteria (P < 0.01) in the
model group increased significantly, while the
abundance of Actinobacteria (P < 0.05) and
Cyanobacteria (P < 0.05) decreased signifi-
cantly. No significant differences were found
between the HTD and model groups at the phy-
lum level (Figure 4A). At the family level, the
intestinal flora of the normal group mice
was mainly composed of Muribaculaceae,
Bacteroidaceae, Staphylococcaceae, Erysipe-
lotrichaceae, Prevotellaceae, Lachnospiraceae,
Corynebacteriaceae, and Akkermansiaceae.
Compared to the normal group, the relative
abundances of Staphylococcaceae (P < 0.05)
and Corynebacteriaceae (P < 0.05) in the
model group were significantly lower, whereas
those of Bacteroidaceae (P < 0.05), Erysipe-
lotrichaceae (P < 0.01), and Lactobacillaceae

Am J Transl Res 2024;16(6):2248-2262
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Figure 2. Histopathologic examination of the colonic and gastric mucosa in CDSD mice. A. H&E staining of the colon

(n = 8). B. H&E staining of the gastric mucosa (n = 8).

(P < 0.05) were higher. Compared to the model
group, the abundance of Erysipelotrichaceae (P
< 0.01) and Lactobacillaceae (P < 0.05) was
significantly lower in the HTD group (Figure 4B).
At the genus level, the intestinal flora of the nor-
mal group mice was mainly composed of Bac-
teroides, Staphylococcus, Allobaculum, Allopre-
votella, and Corynebacterium. Compared to the
normal group, the abundance of Blautia (P <
0.05), Helicobacter (P < 0.01), Bifidobacterium
(P<0.01), Parasutterella (P <0.01), Bacteroides
(P <0.05), Lactobacillus (P < 0.05), Allobaculum
(P < 0.01), Rikenellaceae RC9 (P < 0.05), and
Roseburia (P < 0.05) were significantly higher,
while Corynebacterium (P < 0.05), Jeotgali-
coccus (P < 0.05), Staphylococcus (P < 0.01),
Aerococcus (P < 0.01), Rikenella (P < 0.05),
Alistipes (P < 0.01) were lower. Compared to
the model group, the abundance of Allobaculum
(P < 0.01) and Lactobacillus (P < 0.05) in the
HTD group decreased significantly, and the
abundance of Ruminococcus (P < 0.01)
increased significantly (Figure 4C). In addition,
we performed LEfSe analysis and plotted a
cladogram (Figure 4D, 4E), which allowed us to
determine that the model group-specific flora
included Allobaculum. The model group-specif-
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ic flora were significantly reduced after HTD
administration.

Differential metabolite and pathway analysis
in mice

The serum metabolome was analyzed to iden-
tify differential metabolites in CDSD mice after
HTD treatment. First, PCA and PLS-DA analyses
were performed on the three groups of serum
samples to visualize the overall metabolite
changes (Figure 5A, 5B, 5E, 5F). The results
showed that the normal vs. model groups dif-
fered significantly in the 3D PCA and PLS-DA
score plots, indicating that the CDSD mouse
model was successfully built. In contrast, the
metabolites of mice treated with HTD were sig-
nificantly altered compared to the model group,
suggesting that HTD altered the abnormal met-
abolic profile of CDSD mice. A volcano plot was
used to visualize the overall distribution of
metabolite differences between the groups
(Figure 5C, 5G). In addition, correlations be-
tween these differential metabolites were ana-
lyzed (Figure 5D, 5H). The correlation of the dif-
ferential metabolites indicated that 99 metabo-
lites were negative and 82 were positive in the
normal vs. model groups.

Am J Transl Res 2024;16(6):2248-2262
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based LDA integrated with effect size (LEfSe).

Table 2 and Figure 6A, 6B show that HTD sig-
nificantly restored 14 differential metabolites
in CDSD mice to levels similar to those in nor-
mal mice. Figure 6C shows the contents of the
differential metabolites in each group. HTD
treatment increased the levels of dihydroroseo-
side, 3-hydroxy-3-methylglutaric acid, arachi-
donic acid methyl ester, and LPC 2:0, whereas
L-ascorbate, 19-nortestosterone, hexadecane-
dioic acid, jasmonic acid, 2-hydroxycaproic
acid, 6 B-hydroxycortisol, 2-hydroxy-2-methyl-
butanoic acid, 23-nordeoxycholic acid, (+/-)9-
HpODE, and prostaglandin B2 were decreased.

Pathway enrichment analysis showed that
HTD mainly regulated ascorbate and aldarate
metabolism, aldosterone synthesis and secre-
tion, platelet activation, the hypoxia-inducible
factor 1 (HIF-1) signaling pathway, inositol phos-
phate metabolism, phosphatidylinositol signal-
ing system, galactose metabolism, and alpha-
linolenic acid metabolism pathways of metabo-
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lite changes caused by modeling (Figure 7A,
7B).

Associations between different genera and
metabolites

To investigate whether the HTD-retraced
metabolite was correlated with intestinal flora,
Spearman’s correlation between differential
flora and differential metabolites at the genus
level between groups was performed. The
results showed a significant correlation be-
tween the three differential genera and 14 dif-
ferential metabolites in the normal vs. model
group (Figure 8). Some bacteria enriched in
amino acids, such as Allobaculum, were found
to be associated with L-ascorbate, 19-Nortes-
tosterone, hexadecanedioic acid, jasmonic
acid, 2-Hydroxycaproic acid, 2-Hydroxy-2-me-
thylbutanoic acid, 23-Nordeoxycholic acid, (+/-
)9-HpODE, prostaglandin B2, and 3-Hydroxy-3-
methylglutaric acid, and decreased in abun-
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Table 2. Biomarkers identified in CDSD mice and their trends of change afer intervention by HTD

RT lon Normal vs. Model Model vs. HTD
No. Name Formula .

[min] mode FC VIP Pvalue Trend FC VIP Pvalue Trend
1 L-Ascorbate CsHgOq 7.688 175.02443 neg 0.11 3.44 <0.001 |[*** 2,06 1.07 0.013 1
2 19-Nortestosterone C,H,0, 14.059 275.20026 pos 0.50 2.21 <0.001 |*** 1.78 2.00 0.009 1
3 Hexadecanedioic acid C,H, 0, 1259 285.20685 neg 0.30 2.58 <0.001 |*** 190 1.55 0.023 1*
4 3-Hydroxy-3-methylglutaric acid CH,0, 1376 161.04549 neg 451 251 0001 f** 051 123 0.038 i
5  Jasmonic acid C,H 0, 13.388 21113272 pos 0.43 255 0.001 [** 211 230 0.002 1##
6 2-Hydroxycaproic acid CeH,,0, 4126 131.07112 neg 0.59 1.85 0.002 1% 1.66 1.78 0.002 N
7 Dihydroroseoside C,H,,0, 11.057 38720227 neg 4.64 2.59 0.002 1H* 0.46 1.48 0.031 1*
8 6 B-Hydroxycortisol C,H,,0s 11757 361.20071 pos 0.32 2.18 0.005 1** 2.18 1.36 0.022 1
9 2-Hydroxy-2-methylbutanoic acid ~ C,H, 0, 2.01 117.05566 neg 0.65 1.82 0.009 1** 1.85 2.61 0.001 I
10 Arachidonic acid methyl ester C,H,,0, 13.962 319.26138 pos 1.76 1.81 0.014 1% 0.63 1.61 0.005 17
11 LPC2:0 C,,H,,NO,P 14552 300.12683 pos 0.47 1.54 0.016 * 0.55 1.25 0.020 1*
12 23-Nordeoxycholic acid C,,H, 0, 11777 37726935 neg 0.35 1.33 0.022 * 2.56 1.43 0.040 I
13  (+/-)9-HpODE C,H,,0, 13.087 311.22244 neg 0.35 1.91 0.024 * 250 1.84 0.044 1
14  Prostaglandin B2 C,Hy0, 12306 335.22116 pos 0.53 1.41 0.045 * 1.98 1.81 0.043 1

*P < 0.05, **P < 0.01, ***P < 0.001 Normal vs. Model group. #P < 0.05; ##P < 0.01 Model vs. HTD group.

dance after HTD treatment and was associated
with LPC 2:0. Lactobacillus was associated
with L-ascorbate, hexadecanedioic acid, 2-Hyd-
roxycaproic acid, 2-Hydroxy-2-methylbutanoic
acid, 23-Nordeoxycholic acid, (+/-)9-HpODE,
and prostaglandin B2 but was decreased in
abundance after HTD treatment and was asso-
ciated with 23-Nordeoxycholic acid and prosta-
glandin B2. Ruminococcus was associated wi-
th L-ascorbate, hexadecanedioic acid, jasmo-
nic acid, 2-Hydroxycaproic acid, 2-Hydroxy-2-
methylbutanoic acid, 23-Nordeoxycholic acid,
(+/-)9-HpODE, and prostaglandin B2, but it
increased in abundance after HTD treatment
and was associated with jasmonic acid and
3-Hydroxy-3-methylglutaric acid.

Discussion

Many studies have demonstrated that chronic
diarrhea is closely related to intestinal flora dis-
orders, including intestinal flora and fungal and
viral imbalances, and is a popular research
field for diarrhea [34, 35].

Huangtu decoction, a classic TCM, has been
used to treat gastrointestinal bleeding, diar-
rhea, and other symptoms caused by spleen-
yang deficiency for more than 2,000 years in
China. The HPLC assay of the HTD extracts was
showed that the main constituents are nucleo-
sides, organic acid, flavones and alkaloids,
(Figure S1). The compounds within HTD, such
as polysaccharides from Aconiti Lateralis
Radix, Atractylodis Macrocephalae Rhizoma
and Glycyrrhizae Radix et Rhizoma, catalpol
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from Rehmanniae Radix, and baicalin from
Scutellariae Radix, have been shown to regu-
late serum metabolites and microbiota com-
position, including those involved in inflamma-
tion regulation, gut barrier integrity, and neu-
rotransmitter modulation. However, its mecha-
nism of action has not been reported. This
study clarified the mechanism of Huangtu
decoction from the perspective of intestinal
flora and host metabolism. We found that
Huangtu decoction could reverse the abun-
dance changes of Erysipelotrichaceae, Lacto-
bacillus, Allobaculum, Lactobacillus, and Ru-
minococcus caused by modeling to a certain
extent. Erysipelotrichaceae is considered to
play an important role in gastrointestinal
inflammation-related diseases because of its
significant enrichment in colorectal cancer
[36]. Many studies have also observed a signifi-
cant increase in the abundance of Erysipe-
lotrichaceae in IBD animals [37, 38], whereas
HTD treatment decreased the abundance of
Erysipelotrichaceae in CDSD mice. Rumino-
coccus was observed with an increased abun-
dance in the gut microbiota of subjects with IBS
compared to that in the normal group [39],
while HTD treatment increased Ruminococcus
in CDSD mice. These findings suggest that
the warming spleen and relief of diarrhea
effects of Huangtu decoction may be attributed
to increasing the expression of beneficial bac-
teria and reducing the expression of harmful
bacteria in the intestine.

A total of 14 differential metabolites related to
the warming spleen and relief of diarrhea

Am J Transl Res 2024;16(6):2248-2262
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19-nortestosterone, hexadec-
anedioic acid, jasmonic acid,
2-hydroxycaproic acid, 6 B-hy-
droxycortisol, 2-hydroxy-2-me-
thylbutanoic acid, 23-norde-
oxycholic acid, (+/-)9-HpODE,
and prostaglandin B2. The
differential metabolites were
enriched using KEGG. It was
found that the main regula-
tory pathway was the HIF-1
signaling pathway, which pro-
duces a complex and rapid
response to cell stress, injury,
and inflammation, and can
protect the intestinal mucosa
[40-42]. In addition to promot-
ing the adaptive response of
the body to hypoxia, the HIF-1
pathway also plays a regula-
tory role in various cellular
processes involved inimmune
and intestinal barrier function
[43-45]. The HIF-1 pathway
can increase the transcription
of genes involved in wound
repair, inflammation, cell per-

effects of Huangtu decoction were identified meability, and apoptosis (e.g., VEGF, eNOS,
by non-targeted metabolomics: dihydroroseo- iNOS, and ITF), alleviate many aspects of the
side, 3-hydroxy-3-methylglutaric acid, arachi- inflammation-injury cascade, and promote the
donic acid methyl ester, LPC 2:0, L-ascorbate, expression of a series of barrier protection
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genes, including TFF3/ITF, MUC-1, and CD73
[46, 47]. Therefore, it can be speculated that
Huangtu decoction may increase HIF-1 expres-
sion and enhance the function of the intestinal
barrier, reduce the production of proinflamma-
tory cytokines and immune cell infiltration, and
alleviate the inflammatory response of intesti-
nal tissue.

Considering that intestinal flora can regulate
metabolic reactions, a correlation between
intestinal flora and serum metabolites was
observed. The HTD-related intestinal floras
were correlated with LPC 2:0, 23-Nordeoxycholic
acid, Prostaglandin B2, jasmonic acid, and
3-Hydroxy-3-methylglutaric acid, while the
other metabolites were not correlated with
the bacteria. Therefore, it can be assumed that
the changes in the content of LPC 2:0,
23-Nordeoxycholic acid, Prostaglandin B2, jas-
monic acid, and 3-Hydroxy-3-methylglutaric
acid were due to HTD treatment.

This study has several limitations. The sample
size of each group of mice was small. A larger
sample size of animal models and more verifi-
cation experiments are needed to explore the
mechanisms of HTD in CDSD treatment.

Conclusion

This study found that HTD exerted beneficial
effects on CDSD mice by modulating the abnor-
mal intestinal bacterial structure and affecting
its metabolites. This is the first study to investi-
gate the effect of HTD on the gut microbiome of
CDSD mice and may provide new insight into
the mechanisms of HTD.
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Figure S1. HPLC chromatograms of HTD extracts. Uridine (1), Citric acid (2), Adenosine (3), Karakoline (4), Aconine
(5), Vanillic acid (6), P-coumaric acid (7), Genistein (8), Hesperetin (9), Rehmannioside (10), Pinobanksin (11), Glyc-

yrrhizic acid (12), Atractylenolide Il (13), Wogonin (14).



