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Abstract
Macleaya cordata is a perennial upright herb belonging to the family Papaveraceae that represents a
natural and low-residue product that has good effects in the prevention and treatment of livestock and
poultry diseases and improves production performance; moreover, drug resistance to Macleaya cordata is
difficult to establish. However, the specific mechanism of action is not clear. Therefore, this study was
performed to clarify the molecular mechanism through transcriptome technology. Thirty-six specific
pathogen free (SPF) male Sprague Dawley (SD) rats were divided into 3 groups of 12 rats each: high and
low dose groups of 0.5 mg/10 g bw.d and 0.05 mg/10 g bw.d, respectively, and a blank group
administered normal saline. Three livers from each group were collected for transcriptome sequencing,
and Gene Ontology (GO) enrichment, Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation, and
pathway enrichment analyses of differentially expressed genes (DEGs) were performed. Transcriptome
sequencing results revealed 104 upregulated and 354 downregulated genes in the high-dose group and
116 upregulated and 46 downregulated genes in the low-dose group compared with the blank group. The
GO analysis showed that the DEGs were mainly associated with ATP metabolism, molecular
transmembrane transport, protein decomposition and regulation, and nitrogen metabolism. The KEGG
pathway enrichment analysis showed that the DEGs were mainly involved in cell proliferation and
differentiation, amino acid metabolism, lipid transport, purine metabolism, and gluconeogenesis. Eight
differentially expressed genes (RAD15D, BMP7, NFATC4, HDC, RPS6, RPS25, MRP133, and COX6C)
verified by qRT-PCR were consistent with the trend of transcriptional sequencing.

1. Introduction
The use of antibiotics in animal husbandry has led to a series of problems, such as veterinary drug
residues in the environment and negative effects to human health; therefore, corresponding measures
have been taken worldwide to control or stop the use of antibiotics. The Infectious Diseases Society of
America (IDSA) has issued an antimicrobial stewardship program (ASP) specifically aimed at
establishing antimicrobial stewardship (Liu et al. 2014 ) to control the use of antibiotics. In 1997, the
United Kingdom set up a 25 people working group and provided a working report with specific guidance
on the use of antibiotics in all walks of life, including medicine and health, veterinary medicine, and
agriculture. Denmark, as a large country for agriculture and animal husbandry, banned the use of
antibiotic feed additives as early as 2000. Some Asian countries have begun to take corresponding
measures to control the use of antibiotics. Since July 1, 2020, feed manufacturers in China have stopped
producing commodities containing growth-promoting pharmaceutical feed additives (except for Chinese
traditional medicine) (Lv 2021). Japan ensures the safety of animal products by strictly regulating the
type of antibiotics used in livestock and poultry. 

Macleaya cordata is a perennial upright herb of the family Papaveraceae that is mainly distributed in
China, Japan, and Russia (Kosina et al. 2010; Zeng 2017). Alkaloids are the main active ingredients of
Macleaya cordata, with the highest concentration found in the fruit, followed by the leaves, roots, and
stem (Zhang et al. 2020). The main alkaloids are sanguinarine (SG), chelerythrine (CHE), protopine (PRO)
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and allocryptopine (ALL). Among them, the contents of SG and CHE, which are the main
pharmacodynamic components, were the highest (Liu et al. 2017). Macleaya cordata extract is believed
to be an effective natural additive for swine, cattle, poultry, and even fish nutrition (Vieira et al. 2008). The
extract of this plant is blended with intact aerial parts and a fraction of quaternary benzo [c]
phenanthridine alkaloids (QBAs), primarily sanguinarine (SG) and chelerythrine (CH) (Yang 2014), and
standardized to 1.5 % w/w SG (Dvořák et al. 2006).

At present, many scholars have studied the extracts of Macleaya cordata and found that they promote
growth performance and have anti-inflammation, anti-bacterial, anti-parasitic (Xing 2021), anti-viral, and
anti-tumor effects (Zeng et al. 2019). Zdarilova et al. (Zdarilova et al. 2008) fed rats a diet supplemented
with Macleaya cordata extract for 90 days and found that the body weight of the experimental group
increased significantly. Kantas et al. (Kantas et al. 2005) showed that adding Macleaya cordata extract to
feed can increase the body weight and daily gain (ADG) of piglets and promote their growth. Montagne et
al. (Montagne et al. 2007) found that the expression of ZO-1 and Clainn-1 is increased in piglets after
ingestion of Macleaya cordata extract, and these changes help prevent allergens and toxic substances
from entering the intestine and improves the immune defense system of the body. Liu Gang et al. (Liu et
al. 2016) performed an experiment with a control group, antibiotic group (200 mg/kg mucilage), and
Macleaya cordata extract additive group and found a significant reduction in diarrhea score in the
Macleaya cordata extract additive group, which proved that Macleaya cordata extract could enhance the
intestinal barrier function of growing piglets and could be used as an alternative to antibiotics. Bavarsadi
et al. (Bavarsadi et al. 2021) supplemented sanguine in the diet of laying hens and found that it improved
the feed conversion rate, liver health index, systemic antioxidant capacity, and growth performance of
laying hens. Lee et al. (Matulka et al. 2014) performed feed supplementation with Macleaya cordata
extract and provided this feed to broilers continuously for 35 days after birth, and a statistical analysis of
the live weight (LW), feed intake (FI), and average daily feed intake (ADG) showed that supplementation
with 50 mg/kg sangrovit (containing 1.5 % of sanguine and 0.75 % of chelidonine) could improve the
feed intake during the planting stage and promote growth. Tiago Ronimar Ferreira Lima et al. (Lima et al.
2020) divided 48 male Dorper×Santa Ines lambs into a traditional antioxidant group (100 IU/kg DM
vitamin E and 0.1 mg/kg DM selenium) and plant extract group (Macleaya cordata and Magnolia
officinalis extract) and found that the plant extract group showed greater increases in final body weight
and daily weight gain, which promoted the growth of lambs. Yao Jiayun et al. (Yao et al. 2010) extracted
sanguinarine from the leaves of Macleaya cordata extract and applied it to grass carp to determine its
effects on in vitro parasite drug resistance, the result showed that the number of multifiliis on the gills in
the treatment group (in 0.9 mg l(-1) SG) was reduced by 96.8%, in comparison to untreated group at 25°C
for 48 h. These results showed that sanguine can be used as a potential source of new anti-parasite
drugs.

The transcriptome serves as an important bridge between genetic information and biological function,
and the generation of transcriptome sequencing (RNA-SEQ) technology can obtain all the sequence and
expression information in a cell under a certain state, determine the interaction between a drug and host,
and identify changes in the process of development to accurately analyze the differences in gene
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structure and gene expression. Identifying the key differential genes between plants and animals and the
various effects of drugs and other biological science problems (Li et al. 2020) has become an important
method of studying the growth and development of livestock and poultry. In mammals, the liver is the
central organ that regulates lipid synthesis and metabolism. As an important organ for digestion,
absorption, and metabolism, the liver plays a key role in nutrient metabolism and immunity (Davidson et
al. 2004).

Experiments by other scholars have demonstrated that Macleaya cordata and its extracts have growth-
promoting effects on animals; however, the specific molecular mechanisms are not clear. Therefore,
based on previous studies, different doses of Macleaya cordata extract were applied to rats via gavage
for 28 d, and the results of a liver transcriptome sequencing analysis are expected to reveal the growth-
promoting mechanism of Macleaya cordata extract in rats. A GO enrichment analysis and KEGG pathway
analysis of differentially expressed genes were performed to identify the mechanisms underlying the
growth promoting ability of Macleaya cordata. The findings provide a theoretical basis for subsequent
animal experiments on the growth-promoting mechanism of Macleaya cordata extracts and an
experimental basis for the use of these extracts as a surrogate antibody product.

2. Materials & Methods
2. 1 Experimental animals and sample collection

Thirty-six healthy SPF male SD rats with body weights between 90 and 110 g were used in this
experiment. The rats were fed under normal conditions for one week before the experiment, and no
abnormalities were observed in the feeding, feces, or activities. Rats were randomly selected according to
their weight and divided into high-dose (0.5 mg/(kg · d)), low-dose (0.05 mg/(kg·d)), and blank
groups (pure water), with 12 rats in each group. The treatments were administered orally twice a day and
quantified according to body weight. After 28 days of continuous intragastric administration of different
doses of Macleaya cordata extract, the weight of the rats was measured symmetrically every 7 days and
recorded, and analyzed using the SPSS 26.0 independent sample t-test, On day 28, the rats were deprived
of food and water for 12 h, euthanized, and then dissected, and their livers were frozen in liquid
nitrogen and stored in a -80 ℃ ultra-low temperature refrigerator for transcriptome sequencing.

2.2 Construction of a cDNA library and sequencing

Total RNA was extracted from rat liver tissue using the TRIzol method, and the quality of the total RNA
was detected by agarose electrophoresis. Then, according to the special structure of PolyA mRNA, the
obtained mRNA was purified, the mRNA with PolyA structure was enriched by Oligo (dT) magnetic beads,
and the RNA was interrupted to 200–300 bp by ion interruption. Reverse transcriptase was used as a
template to synthesize the first-strand cDNA, which was used as a template to synthesize the second-
strand cDNA, thus forming a stable DNA double-strand structure. The resulting cDNA was subjected to
the addition of an A-tail and repair of end structures, the cDNA library was amplified by polymerase chain
reaction, and then fragment enrichment was carried out to form a 300–400 bp cDNA library. The libraries
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were inspected using an Agilent 2100 Bioanalyzer, and double-terminal PE sequencing was performed
using the Illumina HiSeq sequencing platform using second-generation sequencing technology.

2.3 Differentially expressed gene analysis

FPKM values were used to calculate the gene expression levels in the samples, and DESeq was used to
screen for differential expression levels between the test and control groups. The screening condition
was|log2FC|> 1, P < 0.05. DEGs were analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses.

2.4 Verification of real-time fluorescence quantitative PCR (qRT-PCR)

The 2^(-ddCt) value was calculated using GAPDH as the housekeeping gene. Primer design was then
carried out. CDNA in the liver tissue was used as a template for the PCR experiment, and the specificity of
the product was amplified by agarose gel electrophoresis. Table 1 lists the names and primer sequences
for the verified genes. A pair of appropriate primers was selected for each gene, as shown in Table 1, with
GAPDH as an internal reference. Three replicates were used for each sample as controls. The relative
expression level of each mRNA was determined using the 2^(-ddCt) method.

3. Results
3.1 Comparison of body weight between different doses of MCE

The results of the body weight analysis are shown in Table 2, with significant weight gain (P < 0.05) in the
high- and low-dose groups and the largest weight gain in the low-dose group.

3.2 Quality control of transcriptome sequencing data

After performing computer sequencing and analysis of the rat liver tissues, 37823 million clean reads
were obtained (Table 3). According to the comprehensive data, the Q20 level was greater than 96%, Q30
level 30 was greater than 92%, and other data values were also within the normal range. The results
showed that the sequencing data were of high quality and could be used for subsequent analyses.

3.3 Analysis of differentially expressed genes

A volcano map of the differentially expressed genes is shown in Fig.1. The results showed that there were
104 upregulated genes and 354 downregulated genes (Fig. 1a) in the high-dose RA group compared with
the blank control RC group and 116 upregulated genes and 46 downregulated genes (Fig. 1 b ) in the low-
dose RB group compared to the blank group RC. There were 58 upregulated genes and 26 downregulated
genes (Fig. 1c) in the high-dose RA group compared with those in the low-dose RB group. The
comparison between these groups revealed that the upregulated and downregulated genes were closely
related to the overall function of the experimental liver transcriptome.
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A Venn diagram of the three groups is shown in Fig. 2a. A total of 2996, 2934, and 3020 DEGs were
obtained for FA vs FB, FA vs FC, and FB vs FC, respectively, and 2387 DEGs were found in all three groups.
These results suggest that these differential genes may play an important role in rat growth.

To verify the accuracy of the biological duplication, a cluster analysis was performed on the DEGs of
each group. The clustering results are shown in Fig. 2b, which show that similar genes in the same dose
group were clustered together, thus demonstrating the accuracy and reliability of the sequencing results.

3.4 GO enrichment analysis of differentially expressed genes

A GO functional enrichment analysis was performed for the DEGs in each group. The results for the three
groups are shown in Fig. 3a (RC vs RA), Fig. 3b (RC vs RB), and Fig. 3c (RA vs RB). Significant enrichment
of 30, 30, and 19 GO items was found in the three groups, which each had 10 items categorized as
biological processes (BP). The experimental results identified some important biological processes (BP)
related to growth and development, such as peptide metabolism, cytoamide metabolism, cellular nitrogen
compound biosynthesis, purine nucleotide metabolism, ATP metabolism, purine ribose triphosphate
metabolism, and purine nucleoside triphosphate metabolism.

3.5 KEGG pathway enrichment analysis of differentially expressed genes

A KEGG pathway analysis was performed on the DEGs in the three groups. The first 20 KEGG pathways in
each group are shown in Fig. 4a (RC vs RA), 4b (RC vs RB), and 4c (RA vs RB). The first 20 KEGG
pathways in each group were mostly related to growth and development, including cell proliferation and
differentiation, amino acid metabolism, lipid transport, purine metabolism, and gluconeogenesis.
Although some of these pathways did not reach significance (corrected P-value ≤ 0.05), they still have
important reference value for production and theoretical studies. In the RC vs RA, RC vs RB, and RA vs RB
groups, 5, 6, and 2 KEGG pathways were significantly enriched in DEGs, respectively. Differential genes
were mainly enriched in the spliceosome, ribosome, PPAR signaling pathway, oxidative phosphorylation,
myocardial contraction, glycolysis/glycogenesis, DNA replication, cell cycle, and other pathways. They
play an important role in studies on production and mechanisms in rats.

3.6 qRT-PCR verification results

To demonstrate whether the RNA-seq data are true and reliable, 20 genes were screened as candidate
genes based on a STRING protein interaction analysis, and functional maps of different groups of
differential gene expression were obtained (Fig. 5a). The transcriptomic expression data of these genes
were also referenced, and eight genes were selected for fluorescence quantitative PCR validation. In this
study, eight genes (RAD15D, BMP7, NFATC4, HDC, RPS6, RPS25, MRP133, and COX6C) were selected for
qRT-PCR verification (Fig. 5b). The qRT-PCR results were consistent with the RNA-seq data, thus
demonstrating that the RNA-seq test data are true and reliable.

4. Discussion
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Studies have shown that the extract of Macleaya cordata can promote animal growth, improve growth
performance (Luo et al. 2021), improve feed conversion rate, and reduce diarrhea rate (Zong et al. 2020).
The growth and development of animals are influenced by many genes at the transcriptome level. In this
study, transcriptomic techniques were used to investigate the regulatory mechanisms of the genes
involved in growth promotion in rats. The experimental results showed that the liver transcriptome
sequencing results of rats in the high and low dose group supplemented with Macleaya cordata extract
were significantly different from those in the control group.

A GO enrichment analysis was performed on the differentially expressed genes in the three experimental
groups (RA vs RB, RA vs RC, and RB vs RC). The results showed that maximum changes occurred in
peptide metabolism, cytoamide metabolism, cellular nitrogen compound biosynthesis, purine nucleotide
metabolism, ATP metabolism, purine ribose triphosphate metabolism, and purine nucleoside triphosphate
metabolism.

A KEGG pathway analysis was performed for the differentially expressed genes in the three experimental
groups (RA vs RB, RA vs RC, and RB vs RC), and the first 20 pathways in each group are shown in Fig.
4. The results showed that the splicing body, ribosome, PPAR signaling pathway, oxidative
phosphorylation, myocardial contraction, glycolysis/glycogenesis, DNA replication, cell cycle, and other
pathways were significantly enriched. At the same time, the high- and low-dose groups and the control
group presented different DEGs, indicating that different doses of MCE had different effects on the liver
of rats. qRT-PCR was used to verify the eight differentially screened genes, and the expression trends of
these eight genes were consistent with the sequencing results, which demonstrated the reliability of this
experiment and the accuracy of the sequencing results.

RNA-seq technology can be used to explore the effects of Macleaya cordata extract on the genes of rat
liver cells and identify the genes and signaling pathways related to growth and development (Wang
2020). Therefore, in this study, transcriptome sequencing was performed on rat livers. The results showed
that 16109, 16332, and 16158 differentially expressed genes were obtained in the RA vs RB, RA vs RC,
and RB vs RC groups, respectively. Several common DEGs were also identified, such as COX6C, HDC,
MRPL33, NFATC4, RPS25, RPS6, and RAD51D. Through this analysis, we also found genes related to
growth and development among the enriched pathways, such as CycD, SCD-1, and EPOR. In addition, five
important pathways were identified, thus providing a basis for further understanding the molecular
mechanism of Macleaya cordata extract in rats.

BMP7 (bone morphogenetic protein 7) is a protein-encoding gene that plays an important role in calcium
regulation and bone homeostasis in vivo by regulating mesenchymal stem cells due to its ability to
induce bone and cartilaginous tissue formation (Sun et al. 2005). BMP7 expression also promotes the
differentiation of C2C12 cells through the BMP/TGF-β pathway to promote muscle development (Wang et
al. 2019). Therefore, earlier encoded primordium is hydrolyzed to form homodimeric disulfide bonds, and
each of these subunits can play an important role in the development of bone, kidney, and fat. This gene
also has a very important collateral homologue, BMP5, which plays a regulatory role in various cancers to
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varying degrees (Korkut et al. 2018). In the validation test of this experiment, the level of BMP7 increased
successively from the blank group to the low-dose and high-dose groups, indicating that the effect of
Macleaya cordata extract on BMP7 is consistent with its function.

COX6C (cytochrome C oxidase subunit 6 C) is the last enzyme in the mitochondrial electron transport
chain that drives oxidative phosphorylation, thus enabling electron transfer from reduced cytochrome C
to oxygen molecules, and it plays an indispensable role in cellular oxidative phosphorylation (Tian et al.
2021). COX6C can cooperatively transfer the derived electrons from NADH and succinate to oxygen
molecules, thus generating an electrochemical gradient on the intima to drive transmembrane transport
and ATP synthase (Hashad et al. 2016). The results of the validation test showed that COX6C expression
in the high- and low-dose groups was higher than that in the blank group. To a certain extent, Macleaya
cordata extract can promote the expression of COX6C, which is beneficial for the growth of rats. However,
the validation test was higher in the low-dose group than in the high-dose group compared with
transcriptome sequencing, which requires further discussion and research.

HDC (histidine decarboxylase) can convert histidine to histamine, which acts as a neurotransmitter and
plays an important role in the function of a variety of brain activities, and astrocytes can transport
it (Yoshikawa et al. 2016). Stimulation by activating the H1 receptor causes the hypothalamus to release

more histamine, resulting in reduced food intake and weight loss (Díaz et al. 2019). The above findings
show that the liver is the main metabolic site, which can affect the amount of food intake through neural
reflection. The expression of HDC increased successively from the blank group to the low-dose group and
finally to the high-dose group, indicating that the extract of Macleaya cordata can cause more significant
enrichment of this gene, thus further promoting the growth of rats.

MRPL33 (mitochondrial ribosomal protein L33) can participate in the translation process in mitochondria
and plays a certain role in the protein synthesis process in mitochondria, which is necessary for the
normal operation of organelles (Cheong et al. 2020). Bioinformatics analysis showed that the
overexpression of MRPL33-L and MRPL33-S played a key role in transcription, signal transduction, and
apoptosis, and these signaling pathways showed an opposite effect in the chemical reaction of gastric
cancer to epirubicin, which was conducive to the resolution of drug resistance in gastric cancer patients
(Li et al. 2019). On the one hand, a growth promotion effect was observed for the extract of Macleaya
cordata, while on the other hand, increases in the dose did not improve the effect. Moreover, an optimal
peak value was observed.

NFATC4 (nuclear factor of activated T cell 4) is a regulated transcription factor involved in multiple
biological processes, and aberrantly activated NFATC4 participates in modulating the initiation,
proliferation, invasion, and metastasis of various cancers (Zhong et al. 2022). It can also be involved with
NFATC3 in the development of the embryonic heart and in the energy metabolism of mitochondria
required for its function, which can change the shape of the heart. It can bind to and simultaneously
activate the BACE1 / β-secretase 1 promoter, thereby participating in the proteolytic process of amyloid
precursor protein regulation (Mei et al. 2015). p38 MAP increases the expression of PPARγ by
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phosphorylating several residues in the NFAT homology domain of NFATC4, which contributes to
adipocyte formation and plays a direct role in adipocyte differentiation (Yang et al. 2002). After drug
treatment, the expression of the NFATC4 gene was significantly increased in the blank, high-dose, and
low-dose groups, and it could be seen from the KEGG pathway diagram that the decrease in the adrenal
ketone hormone content in the body of the rats could lower blood pressure and form fat cells to promote
healthy growth of the rats.

RAd51D is a member of the RAd51 family. This protein-coding gene translates into a protein complex that
promotes homologous pairing between single- and double-stranded DNA, homologous recombinant
repair (HRR) pathways that can participate in the DNA replication process, and double-stranded DNA
breaks occur during the overrun or are induced by DNA damage agents (Baldock et al. 2019). Because
RAD51D is an important part of homologous recombination, if this gene is defective, it will have a huge
negative impact on cell mitosis; therefore, this gene plays an indispensable role in various biological
processes of DNA (Wyatt et al. 2018). Through transcriptome high-throughput sequencing and
quantitative fluorescence PCR experiments, we found that the expression level of RAD51D in the low-dose
and high-dose groups was significantly higher than that in the blank group. These results indicated that
Macleaya cordata extracts promoted DNA mitosis, homologous pairing, and other biological processes in
the cells, which ensured the growth and development of rats.

RPS6 (ribosomal protein S6) is one of the main substrates for the lipid kinase reaction. Owing to its
special structure, RPS6 has five C-terminal serine residue subsets that are phosphorylated by different
protein kinases and selectively recognize different mRNAs to control cell proliferation (Meyuhas. 2015). It
was found that the expression level in the high-dose group was the highest, followed by the low-dose
group and the blank group. According to the KEGG analysis, this gene is mainly involved in the HIF-1
signaling pathway, and inhibition of HIF-1 can improve the severity of osteoporosis (Zhong et al. 2017).
As the expression level of the gene is downregulated, it can be inferred that the extract of Macleaya
cordata can increase the inhibitory effect on the HIF-1 signaling pathway through the influence of
the RPS6 gene. Promote bone development and growth in rats.

RPS25 (ribosomal protein S25) encodes a cytoplasmic ribosomal protein that is part of the S25E family
and is present in the cytoplasm, similar to other ribosomal genes. Rps25 is directly involved in the
translation control of proteins, and after RPS25 knockout, the target ribosome is altered, showing virus
and toxin resistance phenotypes, and these phenotypes cannot be saved by functional cDNA
expression (Johnson et al. 2020). Transcriptome sequencing and qRT-PCR validation tests showed that
the expression level of the blank group was the lowest, followed by the low-dose group and the highest
high-dose group, which indicated that the influence of the RPS25 gene could enhance protein translation
and thus promote the growth of rats.

In addition to the eight common DEGs mentioned above, we identified eight DEGs related to growth and
development in two pathways. Animal growth, whether it is the development of each organ or system,
cannot be separated from the basic biological processes of cell division and differentiation. According to
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the KEGG enrichment pathway, it can be seen that after the intragastric administration of the extract,
many pathways conducive to growth were enriched. One such pathway is the JAK-STAT signaling
pathway, which is a cytokine-stimulatory signaling pathway (Fig. 6a). The JAK-STAT signaling pathway is
involved in the pathogenesis of inflammation and immune diseases.

In this signaling pathway, the CyCD gene is upregulated, which belongs to one of the cyclins, plays the
role of a CDK kinase regulator, and contributes to the time coordination during mitosis of each cell. The
RBF/E2F pathway enables mitosis to proceed in an orderly and regular manner. It also plays an important
role in cell proliferation (Romero-Pozuelo et al. 2020; Frei et al. 2005). EPOR (erythropoietin receptor) is
also an upregulated gene that enhances the activation of JAK2 tyrosinase. In mice, erythropoietin can
also inhibit the NLRP3 inflammasome through EPOR to control inflammation (Cao et al. 2020). In other
words, the upregulation of this gene can also effectively prevent the occurrence of inflammation, promote
mitosis, and make cells proliferate and differentiate, thus promoting the growth and development of rats.

The PPAR (peroxisome proliferator-activated receptor) pathway plays a key role in glucose and lipid
metabolism, mainly through peroxisome proliferator-activated receptors acting as ligand-induced
transcription factors (Mirza et al. 2019). In the PPAR pathway, the receptor is induced by transcription
factors and acts on the target gene. The target gene is upregulated or downregulated to varying degrees
in rats after intragastric administration of the extracts, and the biological effect also changes to some
extent.

In the pathway obtained in this experiment (Fig. 6b), the SCD-1 (stearyl coenzyme A desaturase) gene is
upregulated. This gene can add a double bond to the saturated fat acyl-CoA substrate, catalyze the cis-
double bond at Δ9 to insert fatty acyl-CoA substrate, and convert saturated fatty acids to
monounsaturated fatty acids. It also plays an important role in lipid biosynthesis, regulating the
expression of genes related to fat formation, the oxidation of mitochondrial lipoic acid, and the dynamic
energy balance of the body and contributes to the biosynthesis of membrane phospholipids, cholesterol
esters, and triglycerides. PPAR-γ is a key regulator of adipocyte differentiation and glucose homeostasis.
It activates the nuclear receptors of peroxidase proliferators, binds to the specific PPAR response element
(PPRE) of DNA, and regulates the transcription of its target genes( such as acyl-coenzyme A oxidase).
Five genes, Apo-A II, Apo-C III, ACBP, FABP1, and AP2, were downregulated, and they were the target genes
involved in lipid transport, fatty acid transport, and fatty acid oxidation. Therefore, these significantly
upregulated and downregulated genes play an important role in promoting rat growth.

5. Conclusions
The function and metabolism of the rats changed after continuous administration of Macleaya cordata
extract for 28 days. According to the KEGG and GO analyses, these extracts can promote the proliferation
and differentiation of rat cells and the metabolism of nutrients, such as fat, sugar, and amino acids. This
study provides a basis for a preliminary understanding of the mechanism underlying growth promotion
by the extract of Macleaya cordata in rats and provides a reference for subsequent experiments focusing
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on the differentially enriched genes and gene pathways to further and comprehensively understand the
associated growth mechanism.
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Tab 1 PCR primer information

Name of primer Primer sequences Length (bp) Name of primer

GADPH F：GCCAACCCCCAATGTCTCT

R:CAACCTGGTCCTCTGTGTATCCT

140 GADPH

Rad51d F：TGTCTCTGTGTGGCTGCAAA

R：TGGAGAGCACTTGCCTGTTT

146 Rad51d

BMP7 F：CAAGGCCGTCTTCAGTACCC

R：CTTGTCGTGCTCCACTAGGTT

112 BMP7

Nfatc4 F：GAGTACAGCAACAAGCGGGT

R：TCCTCCTTGAAGATCACAGGC

119 Nfatc4

Hdc F：AATCATCATGCCTGGGGTGG

R：CAAGCAGTTGATGGCGTCAG

118 Hdc

RPS6 F：TCGTCGGTTGGGACCTAAAAG

R：TCCTGGGCTTCTTACCTTCTT

122 RPS6

RPS25 F：GCAAGGCCAAAAAGAAGAAGTG

R：TCAGTCTCTCGGAGACCACA

150 RPS25

MRP133 F：TGCCAAGAGCAAGTCAAAAACT

R：GGGTCAGCTTCTCTCGGAGT

104 MRP133

COX6C F：ATGAGTTCCGGTGCTCTGTT

R：TTCAGCCACGCCAAACTTAT

132 COX6C

Table 2 Effects of continuous administration of Macleaya cordata extract for 28 days on body weight of
male rats(

Groups Give
medicine

7 d 14 d 21 d 28 d

Control group 105.1 ± 10.2 150.3 ±
13.3

195.7 ± 14.9 236.8 ± 15.6 271.7 ± 18.5

Low dose group 106.0 ± 10.5 160.9 ±
14.0

226.8 ±
14.0*

271.1 ±
17.1*

310.2 ±
20.0*

High dose
group

103.4 ± 8.0 161.7 ±
13.5

208.9 ± 17.5 249.4 ± 17.3 284.6 ± 20.2

 Note: Note: Compared with blank control group * P < 0.05.
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Table 3 RNA-Seq results

Sample Q20

(%)

Q30

(%)

Clean
reads

Clean
reads(%)

Total
mapped

Multiple

mapped(%)

Uniquely

mapped(%

RA1 96.62 92.2 43704110 98.99 85.46 6.48 93.52

RA2 95.78 90.69 40574450 98.27 83.55 6.02 93.98

RA3 96.17 91.33 41290360 98.70 85.44 6.32 93.68

RB1 97.39 93.66 43084760 99.47 87.77 5.28 94.72

RB2 95.81 90.73 40739460 98.24 84.00 6.27 93.73

RB3 94.48 88.61 39151974 96.31 81.65 6.24 93.76

RC1 97.57 94.03 44218626 99.56 88.63 5.03 94.97

RC2 97.67 94.26 44918152 99.63 86.89 7.40 96.60

RC3 97.59 94.09 40553266 99.55 87.37 5.76 94.24

Note: Ra1-RA3 high-dose experimental group, RB1-RB3 low-dose experimental group, RC1-RC3 are blank
control group, the same as below.
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Figure 1

Volcano map of differentially expressed genes

a: (RC_vs_RA); b: (RC_vs_RB); and c: (RA_vs_RB).
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Figure 2

a Venn plot of differentially expressed genes

b Clustering heatmap of differentially expressed genes

Note: Horizontal representation of genes indicating each column of a sample; red represents high
expression, and green represents low expression.
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Figure 3

GO enrichment analysis of DEGs in control group and high dose group a:(RC_vs_RA); b:(RC_vs_RB); c:
(RA_vs_RB).
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Figure 4

Figure legend not available with this version.
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Figure 5

a Differential expressed gene interaction network analysis

b qRT-PCR validation of key genes
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Figure 6

Combined KEGG and up-down pathway analysis

a: Jak-STAT signaling pathway; b: PPAR signaling pathway


