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1  | INTRODUC TION

Puerariae Lobatae Radix (PLR) has a long history of use as a tradi-
tional Chinese medicine. It has a variety of biological activities, in-
cluding the ability to lower blood pressure and blood lipids (Salehi 
et al., 2019; Sham et al., 2014; Song et al., 2014; Zhang, 2019). 
As an edible traditional Chinese medicine, it is widely used in 

the development of drugs, health foods, and general food prod-
ucts (Zhang et al., 2020). A few studies of its general toxicity (Jo 
et al., 2013; Seong et al., 2006; Song et al., 2020; Tam et al., 2009) 
have shown that PLR has a relatively high safety. However, there is 
some evidence that PLR and its main components may have safety 
risks in some populations. The long-term and high-dose consump-
tion of PLR and its main components in specific populations may 
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Abstract
Puerariae Lobatae Radix (PLR) is the dried root of the leguminous plant Pueraria lobata 
and is a common component of health products and medicines. Although it is consid-
ered safe, some studies have reported that PLR has hepatotoxicity and estrogen-like 
effects. In this study, the safety of high doses of PLR water extract administered to 
adolescent SD rats for 30 days was evaluated by biochemical, histopathological, and 
metabolomic analyses. Overall, there were no significant differences between the 
low-dose and blank control groups in parameter values, including organ wet weight, 
organ coefficient, routine blood indicators, serum biochemical indexes of liver and 
renal function, levels of estradiol and testosterone, histopathological parameters, 
and primary differential metabolite profiles. Compared with the blank control group, 
the high-dose group may have a certain effect on the liver. These effects might be 
mediated by abnormal phenylalanine, tyrosine, and tryptophan biosynthesis or phe-
nylalanine metabolism. However, histopathological analyses did not show differences 
in the liver, kidney, breast, uterus, ovary, testis, and epididymis between the control 
group and the group treated with a high dose of PLR water extract. PLR water extract 
did not significantly promote the precocity of male and female sexual organs. Overall, 
PLR water extract is relatively safe for adolescent SD rats.
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have toxic effects on the liver and reproductive system (Chen 
& Chan, 2009; Huang et al., 2016; Santosh et al., 2010). Long-
term administration of PLR (100 mg/kg) might affect the mating 
and reproductive efficiency of adult female mice (Jaroenporn 
et al., 2007). PLR extract could increase the serum alanine amino-
transferase, aspartate aminotransferase in mice, and made liver 
histopathological changes which indicated that PLR extract has 
hepatotoxicity (Wang et al., 2015).

The main components of PLR are isoflavones, which belong to 
phytoestrogens, including 3′-hydroxy puerarin, puerarin, 3′-methy-
oxy-puerarin, pueraria glycoside 2, mirificin, and daidzin (Song 
et al., 2014; Wu et al., 2018). Phytoestrogens often have estro-
gen-like or anti-estrogen-like effects. However, the precise safety 
and adverse effects of the long-term use of PLR and its prod-
ucts in specific populations are not well-established (Jaroenporn 
et al., 2006; Jefferson et al., 2012, 2020; Kakehashi et al., 2016; 
Suchinda et al., 2004). Adolescence is the first period of reproduc-
tive ability. The reproductive organs during puberty are basically 
mature, at the peak of growth and development, hormone levels 
exhibit a rapid rise, and hypothalamic–pituitary–gonad axis devel-
opment is imperfect. Abnormal estrogen levels may result in female 
precocity or delayed male development.

Metabolomics is an integral approach in systems biology and 
is widely used in many fields of research to study relationships be-
tween metabolites and physiological and pathological changes (Han 
et al., 2018; Lindon & Nicholson, 2008; Patti et al., 2012; Rosato 
et al., 2018). The approach is based on the high-throughput de-
tection of small molecule metabolites in organisms and statistical 
analyses of multivariate data. Finally, pathway analyses are used to 
understand the biological significance of differential metabolites 
(Barnes et al., 2016; Bartel et al., 2013; Zhu et al., 2018).

In this study, pharmacological experiments combined with serum 
metabolomics technology were used to evaluate the safety of high-
dose PLR in adolescent SD rats. These results improve our under-
standing of the safety of PLR and provide a scientific basis for the use 
of PLR (Yan et al., 2017; Yu et al., 2019).

2  | MATERIAL S AND METHODS

2.1 | Medicinal materials and reagents

Pueraria Lobata Radix (Shanxi Jinshitianrun Geye Co., Ltd.; batch num-
ber: 20190228) was identified as the dry root of the leguminous plant 
Pueraria lobata (Willd) Ohwi by the Jiangxi University of Traditional 
Chinese Medicine Appraisal Department. The Rat Aromatase ELISA 
Kit was obtained from Shanghai Yuchun Biotechnology Co., Ltd. 
(batch number: 201907). Additionally, 10% neutral formalin fixative 
(Beijing Leigen Biotechnology Co., Ltd.; batch number: 0412A19), LC-
MS-grade formic acid (Beijing Bailingwei Technology Co., Ltd.; batch 
number: L590S65), methanol and acetonitrile (chromatographic grade; 
Merck Group Co., Ltd.), and distilled water (Guangzhou Watsons Food 
and Beverage Co., Ltd.) were used.

2.2 | Instruments

The instruments were as follows: a fully automatic blood cell analyzer 
(Mindray Medical International Co., Ltd.; model: BC-5380), fully auto-
matic biochemical analyzer (Beckman, Brea, CA, USA; model: AU480), 
automatic radioimmunoassay (Siemens; model: centuarxp), Ultrapure 
water meter (Nanjing EPED Technology Development Co., Ltd.; model: 
EPED-ESL-10), inverted microscope (Nikon, Tokyo, Japan; model: 
TS100), high-speed refrigerated centrifuge (SIGMA; model: 3-18K), 
vortex mixer (IKA Instruments Co., Ltd.; model: VORTEX GENIUS3), 
and the UltiMate 3000 UHPLC System and LTQ ORBITRAP VELOS 
PRO high-resolution mass spectrometer (Thermo Fisher).

2.3 | Extraction of PLR

Dried PLR (15 kg) was used for two extraction steps with a 10-fold 
volume of double-distilled water, 2 hr each time. After filtering, the two 
extracts were combined and concentrated under reduced pressure.

2.4 | Experimental animals

A total of 60 SPF SD rats, 4–5 weeks old and weighing 70–90 g, were 
obtained from the Experimental Animal Center of Jiangxi University of 
Traditional Chinese Medicine (Experimental Animal License Number: 
SCXK (Gan) 2018-0003). The feeding conditions were 20–23°C, hu-
midity 45%–55%, alternate dark cycle for 12 hr (license number SYXK 
(Gan) 2018-0004). Rats were provided free access to a standard diet 
and water. Sterilized granular feeds were provided by Wanqian Jiaxing 
Co., Ltd. The study was approved by the Experimental Animal Ethics 
Sub-Committee of the Academic Committee of Jiangxi University of 
Traditional Chinese Medicine and complies with the animal research 
guidelines of the China Ethics Committee.

After 1 week of acclimatization, 60 rats were randomly divided 
into three groups, a blank control group, low-dose group, and high-
dose group, with 20 rats per group (10 males and 10 females). The 
PLR water concentrate was administered intragastrically. The low-
dose and high-dose groups were treated with 50 times and 100 
times the daily dose of PLR tablets prescribed by the pharmacopoeia 
(i.e., 12.5 g/kg and 25 g/kg), and animals in the blank control group 
were given an equal volume of purified water. For 30 days of con-
tinuous administration, animal activity and growth were observed 
daily, body weight was recorded once a week, and the dosage was 
adjusted according to weight. Water was freely available during the 
study period.

2.5 | Acquisition and processing of 
experimental samples

After fasting overnight on the day of the last dose, blood samples 
and organs were collected from male rats (day 31). Female rats were 
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tested for vaginal exfoliated cell smears at 7:00 in the morning for 
several days after the final dose. The blood and organs of female 
rats in the diestrus period (after regular administration and fasting 
overnight) were collected in the afternoon on the next day. Part 
of the whole blood was centrifuged at 845 g for 10 min, and the 
serum samples were stored at −80°C (Schaalan et al., 2018; Sharma 
et al., 2014).

2.6 | Organ wet weight and organ coefficients

After dislocating the cervical vertebrae, the liver, kidney, breast, 
uterus, ovary, testis, epididymis, and other organs and tissues were 
immediately dissected. The surrounding connective and fatty tissues 
were carefully removed and washed with normal saline. The organs 
were weighed, and the organ coefficient was estimated as the ratio 
of the wet weight of the organ to the body weight (Chen et al., 2016; 
Chen, Gong, et al., 2016).

2.7 | Blood indicators and serum biochemical tests

A fully automatic blood cell analyzer was used to detect HB (hemo-
globin), RBC (red blood cells), WBC (white blood cells), PLT (platelets), 
and other routine indicators. A fully automatic blood biochemical 
analyzer was used to detect AST (Aspartate aminotransferase), ALT 
(Aspartate aminotransferase), ALP (Alkaline phosphatase), DBIL 
(direct bilirubin), TBIL (total bilirubin), TBA (total bile acid), ADA 
(adenosine deaminase), AFU (α-L-fucosidase), ALB (albumin), TP 
(total protein), BUN (blood urea nitrogen), Cr (Creatinine), UA (Uric 
acid), and other indicators (Chen, Chen, et al., 2016; Chen, Gong, 
et al., 2016; Yu et al., 2017).

2.8 | Determination of estradiol and testosterone 
in the serum

The estradiol (E2) and testosterone (T) levels in rat serum were 
measured by radioimmunoassays (Lai et al., 2009). Because female 
rats have different hormone levels depending on the phase of the 
estrous cycle, rats in the same phase were selected for the detection 
of hormone levels. In this experiment, hormone levels were deter-
mined during diestrus.

2.9 | Histopathological examination

After dissection, gross visual inspection showed no obvious tissue 
abnormalities. The liver, kidney, breast, testis, epididymis, ovary, 
and uterus tissues of the high-dose group were fixed, dehydrated, 
embedded, sectioned, and hematoxylin and eosin (HE)-stained. 
Sections were examined under a microscope at 40× and 100× (Liu 
et al., 2014; Zhao et al., 2020).

2.10 | Serum metabolomics analysis

2.10.1 | Pretreatment of serum samples

The serum samples were thawed at 4°C, 100-μl aliquots were obtained, 
and 200 μl of methanol was added. After vortexing for 3 min, samples 
were centrifuged for 10 min (4°C, 18407 g). Then, 100 µl of the superna-
tant was added to an EP tube and blow dried with nitrogen. The residue 
was supplemented with 100 µl of methanol, vortexed for 1 min, and 
centrifuged for 10 min (4°C, 14,000 rpm). The supernatant was added 
to sample vials for testing. For QC sample preparation, 10-µl aliquots of 
all serum samples were mixed uniformly and treated according to the 
above serum pretreatment method (Cheng et al., 2020).

2.10.2 | Chromatographic conditions

Ultra-high liquid chromatography (UltiMate 3000 UPLC System, 
Thermo Scientific) was performed using the ACE UltraCore C18 
Column (100 mm × 2.1 mm, 2.5 μm). Mobile phase A was 0.1% for-
mic acid water and B was acetonitrile. The flow rate was 0.30 ml/
min, and column temperature was 30°C; gradient elution and elution 
conditions are shown in Table 1.

2.10.3 | Mass spectrometry conditions

The mass spectrometer was operated in positive ion mode with a 
heated electrospray ion source (HESI), ion source temperature 350°C, 
capillary temperature 320°C, sheath gas flow rate 35 units, auxiliary 
gas flow rate 10 units, spray voltage 4 kV, capillary voltage 35 V, and 
tube lens voltage 110 V. For the first full scan, the resolution was set to 
30,000, and the scan range was m/z 100–1000; for the second level, 
dynamic data-dependent scanning (DDS) was used to select the top 
three peaks from the previous level by collision-induced dissociation 
(CID), fragment scanning, and detection with an ion trap dynode.

For negative ion mode, the following parameter settings were used: 
heated electrospray ion source (HESI), ion source temperature 300°C, 
capillary temperature 320°C, sheath gas flow rate 35 units, auxiliary 
gas flow rate 10 units, spray voltage 3.6 kV, capillary voltage 35 V, and 
tube lens voltage 110 V. For the first full scan, the resolution was set to 

TA B L E  1   Chromatographic gradient elution conditions

time (min) A (%) B (%)

0 95 5

1 95 5

5 44 56

14 26 74

19 0 100

19.1 95 5

22 95 5
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30,000 and the scan range was m/z 100–1000. For the second level, 
DDS was used to select the top six peaks of the previous level for CID, 
fragment scanning, and detection with an ion trap dynode.

2.11 | Data analysis and processing

By LTQ ORBITRAP VELOS PRO mass spectrometry, positive and 
negative ion modes were used to collect sample data. The raw data 
were preprocessed using SIEVE, including deconvolution, peak identi-
fication, peak alignment, baseline correction, peak area normalization, 
and other data preprocessing. The processed data matrix was filtered 
using a threshold frequency of 80% and the filtered data matrix was 
imported into simca-p14.0 for multivariate statistical analyses, in-
cluding a principal component analysis (PCA) and orthogonal partial 
least square discriminant analysis (OPLS-DA) (Bijlsma et al., 2006; Li 
et al., 2020; Su et al., 2020). The OPLS-DA model was used to screen 
compounds with VIP > 1, and these data were imported into SPSS for 
t tests to identify compounds with significant differences at p < .05. 
Compounds with both VIP > 1 and p < .05 were treated as differential 
metabolites. The structure of differential metabolites was confirmed 
by secondary mass spectrometry of differential metabolites and re-
lated databases, such as Metlin, Human Metabolite Database, and 
MassBank. Differential metabolite information was imported into the 
metaboanalyst3.0 database for a metabolic pathway analysis (Beyoğlu 
& Idle, 2020; Han et al., 2019; Wang et al., 2019; Xing et al., 2017).

The experimental data were analyzed using SPSS17.0. 
Measurement data are expressed as means ± standard deviation. 
Groups were compared using t tests to identify significant (p < .05) 
and extremely significant differences (p < .01).

3  | RESULTS

3.1 | Main chemical components of PLR water extract

The components of PLR water extract included 3′-hydroxy puerarin, 
puerarin, 3′-methyoxy-puerarin, pueraria glycoside 2, mirificin, and 
daidzin, among which the puerarin content was highest (Figure 1).

3.2 | General performance of rats after PLR 
administration

During the 30-day administration period, male and female rats of each 
group (low-dose, high-dose, and blank control) did not show signs of a 
refusal to eat. No deaths were observed. Furthermore, rats showed a 
normal mental state and active growth, with thick and shiny coats.

3.3 | Effects of PLR on body weight and organ 
coefficients in rats

There were no statistically significant differences in weekly weight 
gain and total weight gain in male and female rats between the 
treatment groups (low and high dose) and the blank control group 
(p > .05) (Figure S1). A high dose of PLR had no significant effect on 
the weight of male and female rats.

The absolute weights (Figure S2) and organ coefficients (Figure 
S3) of the liver, kidney, uterus, ovary, testis, and epididymis in the 
low-dose group and the high-dose group did not differ significantly 
from those in the blank control group (p > .05). These results in-
dicated that PLR had no effect on the absolute weight and organ 
coefficients of male and female rats.

3.4 | Effects of PLR on blood indexes in rats

There were no statistically significant differences in the number of 
WBC, the number of RBC, the concentration of HB, and the number 
of PLT among groups (p > .05) (Figure S4). These results indicated 
that PLR had no adverse effects on biochemical indexes in rats.

3.5 | Effects of PLR on serum biochemical indexes 
related to liver function

As shown in Tables 2 and 3, compared with the blank control group, 
the ALP, ALT, and TP contents of female rats in the low-dose group 
and high-dose group were significantly different. In particular, the ALP 

F I G U R E  1   Chromatogram of Puerariae 
Lobatae Radix water extract. A. 3′-hydroxy 
Puerarin, b. Puerarin, C. 3′-Methyoxy-
puerarin, D. Pueraria glycoside 2, E. 
Mirificin, F. Daidzin
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and TP levels in female SD rats in the low-dose group and high-dose 
group were very significantly higher (p < .01), ALT levels in female rats 
in the low-dose group were significantly different (p < .05), and ALT 
levels in female rats in the high-dose group were very significantly 
different (p < .01) than those in the control group. Compared with 
the blank control group, there were no significant differences in bio-
chemical indicators of liver function, including ALP, ALT, TBIL, DBIL, 
TBA, AST, TP, LP (a), ADA, AFU, and ALB, in male rats in the low-dose 
group and the high-dose group (p > .05). These results indicated that 
PLR did not influence biochemical indexes of liver function in male rats 
but altered the levels of ALP, ALT, and TP in female rats.

3.6 | Effects of PLR on serum biochemical 
markers of renal function

As shown in Table 4, compared with the blank control group, there 
were no statistically significant differences in the serum biochemical 
indexes BUN, Cr, and UA in the low-dose group and the high-dose 
group (p > .05). These results showed that PLR had no adverse effects 
on biochemical markers of renal function in male and female rats.

3.7 | Effects of PLR on serum estradiol and 
testosterone in rats

As shown in Table 5, compared with the blank control group, E2 lev-
els in female rats in the low-dose group and the high-dose group 
and in male rats in the high-dose group were significantly different 
(p < .01). The T levels in female and male rats in the low-dose group 
and the high-dose group did not differ significantly among groups 
(p > .05). Based on these results, PLR significantly increases levels of 
the sex hormone E2 in male and female rats.

3.8 | Histopathological examination

With respect to gross anatomy, no significant abnormalities were 
observed in rat organs of the low-dose group, high-dose group, or 
blank control group. A light microscopy analysis showed that the 

liver, kidney, breast, uterus, ovary, testis, and epididymis did not 
differ with respect to histopathological features between the high-
dose group and the blank control group, as shown in Figure 2.

3.9 | UPLC-MS total ion chromatograms

To obtain as much compound information as possible, positive and 
negative ion modes were used for data collection and representative 
differential metabolites were obtained. As shown in Figures 3 and 4, 
the serum total ion chromatograms (TIC) for male and female rats in 
different groups were essentially the same, with some differences 
in intensity.

3.9.1 | Principal component analysis

Metabolic profiles of serum samples were obtained for each group. 
In the PCA score plot for female rats fed PLR for 30 days, five prin-
cipal components showed a R2

X
= 0.501, Q2 = 0.148. As shown in 

Figure 5a, there was clear separation among female rats in the PLR 
low-dose group (L), high-dose group (H), and blank control group (C). 
Female rats in the blank control group showed smaller differences 
and greater aggregation, while the high-dose and low-dose groups 
showed greater variation and more discrete aggregation, suggesting 
that the effect of PLR on individual female rats was highly variable. 
In the PCA score plot for male rats fed PLR for 30 days, five prin-
cipal components showed a cumulative R2

X
= 0.532, Q2 = 0.231. As 

shown in Figure 5b, male rats showed complete separation among 
groups. The degree of aggregation of male rats in different groups 
was similar. PCA could be used for a preliminary assessment of the 
metabolite profiles of rats in different groups; however, owing to 
the variation within groups (and inability to highlight the differences 
between groups), further OPLS-DA was needed.

3.9.2 | OPLS-DA of female rats in different groups

As shown in Figure 6a, an OPLS-DA model for female rats in the 
low-dose group (L) and the blank control group (C) was established. 

TA B L E  2   Effects of PLR on serum biochemical indexes of liver function in rats (X ± S, n = 10)

Sex Group ALP (U/L) ALT (U/L)
DBIL
(μmol/L) TBA (μmol/L)

TBIL 
(μmol/L) AST (U/L)

female Blank control 78.92 ± 12.77 25.44 ± 5.08 1.83 ± 0.16 20.73 ± 7.38 2.19 ± 0.12 114.30 ± 13.47

Low does 109.27 ± 20.97** 43.24 ± 21.31* 1.86 ± 0.15 31.85 ± 14.22 2.12 ± 0.44 156.25 ± 81.10

High does 101.04 ± 15.25** 47.79 ± 21.86** 1.94 ± 0.10 27.30 ± 10.54 2.34 ± 0.40 152.14 ± 131.32

male Blank control 122.08 ± 19.71 37.81 ± 9.61 1.94 ± 0.17 19.54 ± 5.62 2.18 ± 0.27 139.96 ± 35.40

Low does 137.88 ± 23.23 38.70 ± 6.87 1.82 ± 0.34 17.22 ± 5.08 2.13 ± 0.21 114.27 ± 24.53

High does 140.49 ± 32.82 48.33 ± 10.22 1.85 ± 0.29 24.75 ± 4.81 1.95 ± 0.67 144.32 ± 28.92

*Means p < .05 compared with blank control group. 
**Means p < .01 compared with blank control group 



     |  799CHEN Et al.

The samples of female rats in the low-dose group and the blank 
control group were completely spatially separated, with = R2

X
0.549, 

R
2

Y
 = 0.996, Q2 = 0.874, indicating that the model had good predictive 

ability. A permutation test repeated 200 times, as shown in Figure 6b, 
showed that as Y variables increased, R2 and Q2 gradually declined, in-
dicated that the model was highly robust and there was no overfitting.

As shown in Figure 6c, an OPLS-DA model for female rats in the 
high-dose group (H) and the blank control group (C) was established. 
Samples of female rats in the high-dose group and the blank control 
group were completely spatially separated, with = R2

X
0.584, R2

Y
= 0.987, 

Q2 = 0.870, indicating that the model had good predictive ability. A 
permutation test repeated 200 times, as shown in Figure 6d, showed 
that as Y variables increased, R2 and Q2 gradually declined, indicating 
that the model was highly robust and there was no overfitting.

3.9.3 | OPLS-DA of male rats in different groups

As shown in Figure 7a, an OPLS-DA model for male SD rats in the low-
dose group (L) and the blank control group (C) was established. The 
samples of male SD rats in the low-dose group and the blank control 
group were completely spatially separated, with = R2

X
0.620, R2

Y
= 0.969, 

Q2 = 0.871, indicating that the model had good predictive ability. A 
permutation test repeated 200 times, as shown in Figure 7b, showed 
that as Y variables increased, R2 and Q2 gradually declined, indicated 
that the model was highly robust and there was no overfitting.

As shown in Figure 7c, an OPLS-DA model of male rats in the 
high-dose group (H) and the blank control group (C) was established. 
The samples of male rats in the high-dose group and the blank con-
trol group were completely spatially separated, with = R2

X
0.560, 

R
2

Y
 = 0.980, Q2 = 0.908, indicating that the model had good predictive 

ability. A permutation test repeated 200 times, as shown in Figure 7d, 
showed that as Y variables increased, R2 and Q2 gradually declined, in-
dicating that the model was highly robust and there was no overfitting.

3.9.4 | Differential metabolites between the low-
dose group and blank control group in female rats

Using VIP > 1 and p < .05 as thresholds, 12 differential metabolites 
were identified. As shown in Table 6, compared with the blank control 
group, the levels of eight metabolites (i.e., PC(16:0/0:0)[U], glycocho-
late, docosahexaenoic acid ethyl ester, deoxycholic acid, 6-ethoxy-
2-mercaptobenzothiazole, cortisone, lathosterol, and Ala Asn Ile Lys) 
were significantly up-regulated, and levels of four metabolites (i.e., 

TA B L E  3   Effects of PLR on serum biochemical indexes of liver function in rats (X ± S, n = 10)

Sex Group TP (g/L) Lp(a) (mmol/L) ADA (μmol/L) AFU (u/g) ALB (g/L)

female Blank control 69.08 ± 3.92 50.62 ± 5.91 24.37 ± 25.10 2.93 ± 0.90 42.44 ± 2.59

Low does 75.36 ± 3.31** 55.96 ± 4.80 23.28 ± 29.62 3.86 ± 1.00 44.38 ± 3.22

High does 75.96 ± 5.94** 55.17 ± 4.19 25.21 ± 25.07 3.84 ± 1.73 45.12 ± 4.90

male Blank control 77.60 ± 6.03 54.49 ± 3.92 9.09 ± 5.39 2.66 ± 1.36 45.96 ± 4.29

Low does 73.30 ± 3.38 57.51 ± 3.71 16.01 ± 14.24 3.29 ± 1.51 44.61 ± 3.37

High does 74.91 ± 7.58 52.07 ± 6.31 9.53 ± 4.95 3.21 ± 1.36 44.86 ± 5.52

*Means p < .05 compared with blank control group.
**Means p < .01 compared with blank control group. 

Sex Group BUN (mmol/L) Cr (μmol/L) UA (μmol/L)

female Blank control 6.73 ± 1.30 25.78 ± 2.99 103.06 ± 13.31

Low does 6.65 ± 2.11 27.58 ± 2.83 95.32 ± 12.38

High does 7.47 ± 1.55 23.99 ± 4.00 96.41 ± 12.27

male Blank control 7.15 ± 1.35 20.84 ± 3.45 95.84 ± 9.58

Low does 6.01 ± 1.24 20.12 ± 1.98 93.50 ± 16.48

High does 7.83 ± 1.25 21.47 ± 4.84 113.43 ± 22.51

*Means p < .05 compared with blank control group.
**Means p < .01 compared with blank control group.

TA B L E  4   Effects of PLR on serum 
biochemical indexes of renal function in 
rats (X ± S, n = 10)

TA B L E  5   Effects of PLR on sex hormone indexes in rats (X ± S, 
n = 10)

Sex Group
Estradiol (pg/
ml)

Testosterone 
(ng/dl)

female Blank control 25.88 ± 3.11 15.00 ± 3.93

Low does 41.95 ± 9.64** 13.66 ± 3.00

High does 45.61 ± 10.61** 14.66 ± 5.31

male Blank control 16.15 ± 2.98 321.25 ± 240.22

Low does 18.64 ± 3.06 266.77 ± 197.61

High does 26.97 ± 3.29** 435.66 ± 409.55

*Means p < .05 compared with blank control group.
**Means p < .01 compared with blank control group. 
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carnitine, leukotriene A4 methyl ester, tryptophan, and Glu Met Trp) 
were significantly down-regulated in the low-dose group.

3.9.5 | Differential metabolites between the high-
dose group and blank control group in female rats

Using VIP > 1 and p < .05 as thresholds, 9 differential metabolites 
were identified. As shown in Table 7, compared with the blank control 
group, the levels of six metabolites (i.e., docosahexaenoic acid ethyl 
ester, deoxycholic acid, isohyodeoxycholic acid, cortisone, Ala Asn Ile 

Lys, and lathosterol) were significantly up-regulated, and the levels 
of three metabolites (i.e., carnitine, leukotriene A4 methyl ester, and 
tryptophan) were significantly down-regulated in the high-dose group.

3.9.6 | Cluster analysis of differential metabolites in 
female rats

As shown in Tables 6 and 7, differential metabolites between the 
low-dose group and the high-dose group were almost the same as 
those in comparisons between these groups and the blank control 

F I G U R E  2   Effects of Puerariae Lobatae Radix on histopathology in rats. a. liver, b. kidney, c. breast, d. uterus, e. ovary, f. testis, and g. 
epididymis
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group. For an intuitive representation of metabolite differences, a 
heat map was used to visualize hierarchical clustering results for 
13 differential metabolites among the low-dose group, high-dose 

group, and blank control group. As shown in Figure 8, the differen-
tial metabolites in the blank control group and the treatment groups 
(low-dose group and high-dose group) showed clear separation. 

F I G U R E  3   Total ions of female SD rats (a is positive, and b is negative)
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F I G U R E  4   Total ions of male SD rats (a is positive. and b is negative)
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(where colors from red to blue represent the relative content of the 
substance in the corresponding serum sample, from high to low).

3.9.7 | Different metabolites between the low-dose 
group and blank control group in male rats

Using VIP > 1 and p < .05 as thresholds, 7 differential metabolites 
were identified. As shown in Table 8, compared with the blank con-
trol group, the levels of seven metabolites (i.e., PC(16:0/0:0)[U], phe-
nylalanine, cortisone, glycerophospho-N-palmitoyl ethanolamine, 

1-acetylindole, Ser Tyr Arg, and Arg Phe Arg) were significantly up-
regulated in males of the low-dose group.

3.9.8 | Different metabolites between the high-dose 
group and blank control group in male rats

Using VIP > 1 and p < .05 as thresholds, 15 differential metabolites 
were identified. As shown in Table 9, compared with the blank control 
group, the levels of 13 metabolites (i.e., docosahexaenoic acid ethyl 
ester, deoxycholic acid, cortisone, phenylalanine, isohyodeoxycholic 

F I G U R E  5   PCA score plot of rats. a. female rats, b. male rats

F I G U R E  6   OPLS-DA analysis and Permutation test of female. a. OPLS-DA score plot of L and C groups, b. Permutation test of L and C 
groups, c. OPLS-DA score plot of H and C groups, and d. Permutation test of H and C groups
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acid, lathosterol, (R)-3-methyl-2-oxo-pentanoic acid, Ala Asn Ile Lys, 
glycerophospho-N-palmitoyl ethanolamine, kalkitoxin thioamide 
alcohol, 11β-prostaglandin F2α-d4, omega-3 arachidonic acid, and 
alpha-pyrrolidinopropiophenone) were significantly up-regulated 
and the levels of carnitine and Trp Ala Arg were significantly down-
regulated in males of the high-dose group.

3.9.9 | Cluster analysis of differential metabolites in 
male rats

As shown in Tables 8 and 9, there were substantial differences in dif-
ferential metabolites among low-dose group, the high-dose group, 

F I G U R E  7   OPLS-DA analysis and Permutation test of male. a. OPLS-DA score plot of L and C groups, b. Permutation test of L and C 
groups, c. OPLS-DA score plot of H and C groups, and d. Permutation test of H and C groups

No. m/z Time Metabolite VIP p FC

1 496.3391 8.95 PC(16:0/0:0)[U] 16.80 0.016 1.24

2 464.3012 6.01 Glycocholate 4.82 0.009 3.70

3 357.2786 6.79 Docosahexaenoic Acid 
ethyl ester

4.46 0.022 2.61

4 162.1125 0.72 Carnitine 4.13 0.000 0.58

5 391.2854 6.78 Deoxycholic acid 3.00 0.040 2.00

6 212.0201 6.12 6-Ethoxy-2-
mercaptobenzothiazole

2.78 0.000 2.18

7 359.1902 7.93 Cortisone 2.71 0.008 3.27

8 369.3513 20.84 Lathosterol 2.24 0.000 1.85

9 333.2423 6.54 Leukotriene A4 methyl 
ester

1.67 0.005 0.57

10 203.0828 3.42 Tryptophan 1.59 0.001 0.67

11 443.2579 6.60 Ala Asn Ile Lys 1.49 0.003 2.94

12 465.1800 7.61 Glu Met Trp 1.05 0.001 0.76

TA B L E  6   Serum differential 
metabolites of female rats between low-
dose group and blank control group
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and the blank control group.
For a more intuitive representation of these differences, a heat 

map was used to visualize the hierarchical clustering results 19 dif-
ferential metabolites in the low-dose group, high-dose group, and 
blank control group (where red indicates a higher relative content of 
the substance and blue indicates a lower relative content). As shown 
in Figure 9, the blank control group, the high-dose group, and the 
low-dose group showed clear separation with respect to differential 
metabolites, with division into three main clusters.

3.9.10 | Analysis of metabolic pathways in 
female rats

The differential metabolites between the low-dose group and blank 
control group were imported into the MetaboAnalyst database to 
analyze the related metabolic pathways. As shown in Figures 10a , 
5 metabolic pathways were screened, including tryptophan metabo-
lism, steroid biosynthesis, primary bile acid biosynthesis, aminoacyl-
tRNA biosynthesis, and steroid hormone biosynthesis. However, the 

No. m/z Time Metabolite VIP p FC

1 357.2786 6.79 Docosahexaenoic 
Acid ethyl ester

4.84 0.033 2.38

2 162.1125 0.72 Carnitine 4.66 0.001 0.57

3 391.2854 6.78 Deoxycholic acid 3.89 0.024 2.26

4 391.2864 8.11 Isohyodeoxycholic 
acid

3.87 0.014 2.17

5 359.1902 7.93 Cortisone 3.81 0.002 4.13

6 333.2423 6.54 Leukotriene A4 
methyl ester

2.44 0.000 0.37

7 203.0828 3.42 TRYPTOPHAN 1.68 0.010 0.72

8 443.2579 6.60 Ala Asn Ile Lys 1.54 0.012 2.72

9 369.3513 20.84 Lathosterol 1.30 0.048 1.35

TA B L E  7   Serum differential 
metabolites of female rats between high-
dose group and blank control group

F I G U R E  8   Heat map of serum 
differential metabolites of female rats in 
different dose groups

No. m/z Time Metabolite VIP p FC

1 496.3391 8.95 PC(16:0/0:0)[U] 24.89 0.019 1.33

2 166.0861 1.72 Phenylalanine 2.50 0.033 1.11

3 359.1902 7.93 Cortisone 2.47 0.007 1.79

4 454.2927 8.87 Glycerophospho-N-Palmitoyl 
Ethanolamine

1.89 0.002 1.65

5 160.0758 1.35 1-Acetylindole 1.31 0.007 1.39

6 425.2143 14.23 Ser Tyr Arg 1.14 0.000 1.25

7 478.2924 8.24 Arg Phe Arg 1.05 0.002 1.78

TA B L E  8   Serum differential 
metabolites of male rats between low-
dose group and blank control group
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-log(p) and pathway impact values of the metabolic pathways were 
small, indicating that the degree of pathway interference is low.

The differential metabolites between the high-dose group and 
blank control group were imported into the MetaboAnalyst database 
to analyze related metabolic pathways. As shown in Figures 10b, 4 
metabolic pathways were screened, including tryptophan metabo-
lism, steroid biosynthesis, aminoacyl-tRNA biosynthesis, and steroid 
hormone biosynthesis. However, the -log (p) and pathway impact 
values of the above metabolic pathways were small, indicating weak 
interference.

3.9.11 | Analysis of metabolic pathways in male rats

The differential metabolites between the low-dose group and blank 
control group were imported into the MetaboAnalyst database to ana-
lyze related metabolic pathways. As shown in Figures 10c, 4 metabolic 
pathways were screened, mainly including phenylalanine, tyrosine, 
and tryptophan biosynthesis, phenylalanine metabolism, aminoa-
cyl-tRNA biosynthesis, and steroid hormone biosynthesis. For the 
aminoacyl-tRNA biosynthesis and steroid hormone biosynthesis path-
ways, -log(p) > 2 and pathway impact < 0.1 indicated that pathway 

No. m/z Time Metabolite VIP p FC

1 357.2786 6.79 Docosahexaenoic Acid ethyl 
ester

6.56 0.042 2.44

2 162.1125 0.72 Carnitine 5.07 0.003 0.65

3 391.2854 6.78 Deoxycholic acid 4.06 0.039 2.09

4 359.1902 7.93 Cortisone 3.70 0.009 2.44

5 166.0861 1.72 Phenylalanine 3.64 0.004 1.20

6 391.2864 8.11 Isohyodeoxycholic acid 3.62 0.008 2.14

7 369.3513 20.84 Lathosterol 2.31 0.000 1.25

8 129.0561 4.08 (R)-3-methyl-2-oxo-
Pentanoic acid

2.13 0.032 1.27

9 432.2375 7.71 Trp Ala Arg 2.04 0.009 0.75

10 443.2579 6.60 Ala Asn Ile Lys 1.67 0.004 4.08

11 454.2927 8.87 Glycerophospho-N-Palmitoyl 
Ethanolamine

1.65 0.029 1.55

12 385.2924 13.36 Kalkitoxinthioamide alcohol 1.32 0.000 1.19

13 341.2663 13.39 11b-Prostaglandin F2a-d4 1.27 0.000 1.13

14 305.2474 16.89 omega-3 Arachidonic Acid 1.14 0.003 1.24

15 204.1384 9.56 Alpha-
Pyrrolidinopropiophenone

1.03 0.003 1.08

TA B L E  9   Serum differential 
metabolites of male rats between high-
dose group and blank control group

F I G U R E  9   Heat map of serum 
differential metabolites of male rats in 
different dose groups
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interference is limited. For the phenylalanine, tyrosine, and tryptophan 
biosynthesis and phenylalanine metabolism pathways, -log(p) > 2 and 
pathway impact > 0.1 indicate strong pathway interference, suggested 
that PLR effects liver function, mainly via the inhibition of the conver-
sion of phenylalanine to tyrosine and tryptophan or the inhibition of 
phenylalanine metabolism (Xu et al., 2012; Zheng et al., 2020).

The differential metabolites between the high-dose group and 
blank control group were imported into the MetaboAnalyst database 
to analyze related metabolic pathways. As shown in Figures 10d, 5 
metabolic pathways were screened, mainly including phenylalanine, 
tyrosine and tryptophan biosynthesis, phenylalanine metabolism, ste-
roid biosynthesis aminoacyl-tRNA biosynthesis, and steroid hormone 
biosynthesis. For steroid biosynthesis, aminoacyl-tRNA biosynthesis, 
and steroid hormone biosynthesis, values of -log(p) < 2 and pathway 

impact < 0.1 indicated that the degree of metabolic pathway interfer-
ence was low. For phenylalanine, tyrosine and tryptophan biosynthe-
sis and phenylalanine metabolism, values of -log(p) > 2 and pathway 
impact > 0.1 indicated high metabolic pathway interference. These 
results suggested that PLR effects liver function, mainly by inhibiting 
the conversion of phenylalanine to tyrosine and tryptophan or by in-
hibiting the metabolism of phenylalanine.

4  | DISCUSSION

In the 30-day feeding experiment using adolescent rats, PLR did 
not affect routine blood indexes (including white blood cells, red 
blood cells, hemoglobin, and platelets), supporting the lack of 

F I G U R E  1 0   Differential metabolites pathway analysis of female and male rats. a. low-dose group of female, b. high-dose group of female, 
c. low-dose group of male, and d. high-dose group of male
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adverse effects on the red blood cell, white blood cell, and plate-
let systems. PLR had a certain degree of influence on biochemical 
indicators of liver function, including ALP, ALT, and TP in female 
rats; however, there were no abnormalities in TBIL, DBIL, TBA, 
AST, LP (a), ADA, AFU, and ALB. Combined with liver organ coeffi-
cients and histopathological analyses, PLR did not result in organic 
lesions in the livers of female rats. PLR had no significant effect 
on biochemical indexes of liver function in male rats and did not 
result in organic lesions in the liver. These results showed that PLR 
had no significant hepatotoxicity under the present experimental 
conditions and doses. With respect to renal function, PLR had no 
significant effect on BUN, CRE, and UA in male or female rats; 
combined with the kidney organ coefficient and histopathological 
examination, PLR had no significant effect on kidney function. PLR 
had a significant effect on the sex hormone estradiol in male rats, 
without affecting testosterone levels. The histomorphology and 
organ coefficients of the testis suggested that the intake of PLR 
under the present experimental conditions did not affect the de-
velopment of male sex organs. The histopathological examination 
of ovary, uterus, and breast showed that the intake of PLR under 
the present experimental conditions did not significantly promote 
the development of female sex organs. Furthermore, a serum me-
tabolomics analysis showed that PLR mainly causes abnormalities 
in phenylalanine, tyrosine, and tryptophan biosynthesis or pheny-
lalanine metabolism. It has little influence on the steroid hormone 
biosynthesis pathway. Therefore, the effects of large doses of PLR 
are specific to the liver.

5  | CONCLUSION

Overall, PLR water extract did not significantly promote the pre-
cocity of male and female sexual organs and did not alter liver and 
kidney function. Therefore, PLR water extract is relatively safe for 
adolescent SD rats.

ACKNOWLEDG MENTS
This study was supported by the National Key Research and 
Development Program of China (2017YFC1702905) and Jiangxi 
University of Traditional Chinese Medicine 1050 Youth Talent 
Project (1142001007) and National Key Research and Development 
Project-Clinical evaluation of key hazards of food and drug dual-
use substances and the entire chain of prevention and control 
(2019YFC1604905).

CONFLIC T OF INTERE S T
The authors declared no potential conflicts of interest with respect 
to the research, authorship, and publication of this article.

E THIC AL APPROVAL
The study on mice was approved by the Ethics Committee of the 
Experimental Animal Science and Technology Center of Jiangxi 
University of Traditional Chinese Medicine.

DATA AVAIL ABILIT Y S TATEMENT
All datasets presented in this study are included in the article/sup-
plementary material.

ORCID
Limei Chen  https://orcid.org/0000-0002-2029-5606 
E. Jiang  https://orcid.org/0000-0001-8547-2258 
Yongmei Guan  https://orcid.org/0000-0001-8673-4264 
Pan Xu  https://orcid.org/0000-0003-4053-3867 
Qian Shen  https://orcid.org/0000-0001-9210-2087 
Zhiyong Liu  https://orcid.org/0000-0002-7553-7641 
Weifeng Zhu  https://orcid.org/0000-0002-5661-5472 
Lihua Chen  https://orcid.org/0000-0002-6392-1830 
Hongning Liu  https://orcid.org/0000-0002-8246-4073 
Huanhuan Dong  https://orcid.org/0000-0002-7731-0993 

R E FE R E N C E S
Barnes, S., Benton, H. P., Casazza, K., Cooper, S. J., Cui, X., Du, X., Engler, 

J. A., & Tiwari, H. K. (2016). Training in metabolomics research. I. 
Designing the experiment, collecting and extracting samples and 
generating metabolomics data. Journal of Mass Spectrometry, 51(7), 
461–475. https://doi.org/10.1002/jms.3782

Bartel, J., Krumsiek, J., & Theis, F. J. (2013). Statistical methods for the 
analysis of high-throughput metabolomics data. Computational and 
Structural Biotechnology Journal, 4(5), 1–9. https://doi.org/10.5936/
csbj.20130 1009

Beyoğlu, D., & Idle, J. R. (2020). Metabolomic and lipidomic biomarkers 
for premalignant liver disease diagnosis and therapy. Metabolites, 
10(2), 50. https://doi.org/10.3390/metab o1002 0050

Bijlsma, S., Bobeldijk, I., Verheij, E. R., Ramaker, R., Kochhar, S., Macdonald, 
I. A., Ben, V. O., & Smilde, A. K. (2006). Large-scale human metabo-
lomics studies: A strategy for data (pre-) processing and validation. 
Analytical Chemistry, 78(2), 567–574. https://doi.org/10.1021/ac051 
495j

Chen, C. C., & Chan, W. H. (2009). Impact effects of puerarin on mouse 
embryonic development. Reproductive Toxicology, 28(4), 530–535. 
https://doi.org/10.1016/j.repro tox.2009.07.004

Chen, W. C., Chen, Y. M., Huang, C. C., & Tzeng, Y. D. (2016). 
Dehydroepiandrosterone supplementation combined with whole-
body vibration training affects testosterone level and body compo-
sition in mice. International Journal of Medical Sciences, 13(10), 730–
740. https://doi.org/10.7150/ijms.16132

Chen, Y., Gong, X., Li, G., Lin, M., Huo, Y., Li, S., & Zhao, G. (2016). Effects 
of dietary alfalfa flavonoids extraction on growth performance, 
organ development and blood biochemical indexes of Yangzhou 
geese aged from 28 to 70 days. Animal Nutrition, 2(4), 318–322. 
https://doi.org/10.1016/j.aninu.2016.09.004

Cheng, K., Brunius, C., Fristedt, R., & Landberg, R. (2020). An lc-qtof ms 
based method for untargeted metabolomics of human fecal samples. 
Metabolomics, 16(4), 1–8. https://doi.org/10.1007/s1130 6-020-
01669 -z

Han, J., Xia, Y., Lin, L., Zhang, Z., Tian, H., & Li, K. (2018). Next-generation 
metabolomics in the development of new antidepressants: Using al-
biflorin as an example. Current Pharmaceutical Design, 24(22), 2530–
2540. https://doi.org/10.2174/13816 12824 66618 07271 14134

Han, L. F., Wang, P., Wang, Y. L., Zhao, Q. Y., Zheng, F., Dou, Z. Y., 
Yang, W. Z., Hu, L. M., & Liu, C. X. (2019). Rapid discovery of the 
potential toxic compounds in Polygonum multiflorum by UHPLC/
Q-Orbitrap-MS-based metabolomics and correlation analysis. 
Frontiers in Pharmacology, 10, 329. https://doi.org/10.3389/
fphar.2019.00329

https://orcid.org/0000-0002-2029-5606
https://orcid.org/0000-0002-2029-5606
https://orcid.org/0000-0001-8547-2258
https://orcid.org/0000-0001-8547-2258
https://orcid.org/0000-0001-8673-4264
https://orcid.org/0000-0001-8673-4264
https://orcid.org/0000-0003-4053-3867
https://orcid.org/0000-0003-4053-3867
https://orcid.org/0000-0001-9210-2087
https://orcid.org/0000-0001-9210-2087
https://orcid.org/0000-0002-7553-7641
https://orcid.org/0000-0002-7553-7641
https://orcid.org/0000-0002-5661-5472
https://orcid.org/0000-0002-5661-5472
https://orcid.org/0000-0002-6392-1830
https://orcid.org/0000-0002-6392-1830
https://orcid.org/0000-0002-8246-4073
https://orcid.org/0000-0002-8246-4073
https://orcid.org/0000-0002-7731-0993
https://orcid.org/0000-0002-7731-0993
https://doi.org/10.1002/jms.3782
https://doi.org/10.5936/csbj.201301009
https://doi.org/10.5936/csbj.201301009
https://doi.org/10.3390/metabo10020050
https://doi.org/10.1021/ac051495j
https://doi.org/10.1021/ac051495j
https://doi.org/10.1016/j.reprotox.2009.07.004
https://doi.org/10.7150/ijms.16132
https://doi.org/10.1016/j.aninu.2016.09.004
https://doi.org/10.1007/s11306-020-01669-z
https://doi.org/10.1007/s11306-020-01669-z
https://doi.org/10.2174/1381612824666180727114134
https://doi.org/10.3389/fphar.2019.00329
https://doi.org/10.3389/fphar.2019.00329


     |  809CHEN Et al.

Huang, F. J., Chan, W. H., & Wen, H. (2016). Apoptotic effects on mat-
uration of mouse oocytes, fertilization and fetal development by 
puerarin. Drug and Chemical Toxicology, 39(4), 1–8. https://doi.
org/10.3109/01480 545.2015.1126842

Jaroenporn, S., Malaivijitnond, S., Wattanasirmkit, K., Trisomboon, H., 
Watanabe, G., Taya, K., & Cherdshewasart, W. (2006). Effects of 
Pueraria mirifica, an herb containing phytoestrogens, on reproduc-
tive organs and fertility of adult male mice. Endocrine, 30(1), 93–101. 
https://doi.org/10.1385/ENDO:30:1:93

Jaroenporn, S., Malaivijitnond, S., Wattanasirmkit, K., Watanabe, G., 
Taya, K., & Cherdshewasart, W. (2007). Assessment of fertility and 
reproductive toxicity in adult female mice after long-term exposure 
to Pueraria mirifica herb. Journal of Reproduction and Development, 
53(5), 995. https://doi.org/10.1262/jrd.18151

Jefferson, W. N., Padillabanks, E., Suen, A. A., Royer, L. J., Zeldin, S. 
M., Arora, R., & Williams, C. J. (2020). Uterine patterning, endome-
trial gland development, and implantation failure in mice exposed 
Neonatally to Genistein. Environmental Health Perspectives, 128(3), 
1–16. https://doi.org/10.1289/EHP6336

Jefferson, W. N., Patisaul, H. B., & Williams, C. J. (2012). Reproductive 
consequences of developmental phytoestrogen exposure. 
Reproduction, 143(3), 247. https://doi.org/10.1530/REP-11-0369

Jo, J. J., Shin, H., Paik, S. H., Na, S. J., & Kwon, O. S. (2013). Efficacy and 
safety of Pueraria lobata extract in gray hair prevention: A random-
ized, double-blind, placebo-controlled study. Annals of Dermatology, 
25(2), 218–222. https://doi.org/10.5021/ad.2013.25.2.218

Kakehashi, A., Yoshida, M., Tago, Y., Ishii, N., Okuno, T., Gi, M., & 
Wanibuchi, H. (2016). Pueraria mirifica exerts estrogenic effects in 
the mammary gland and uterus and promotes mammary carcinogen-
esis in donryu rats. Toxins, 8(11), 275. https://doi.org/10.3390/toxin 
s8110275

Lai, J. T., Zhou, D., Xia, S., Shang, Y., Want, L., Zheng, L., & Zhu, J. (2009). 
Reduced testosterone levels in males with lone atrial fibrillation. 
Clinical Cardiology, 32(1), 43–46. https://doi.org/10.1002/clc.20423

Li, Y., Wu, L., Chen, C., Wang, L., & Yan, Z. (2020). Serum metabolic 
profiling reveals the anti-depressive effects of the total iridoids 
of valeriana jatamansi jones on chronic unpredictable mild stress 
mice. Frontiers in Pharmacology, 11, 338. https://doi.org/10.3389/
fphar.2020.00338

Lindon, J. C., & Nicholson, J. K. (2008). Spectroscopic and statistical 
techniques for information recovery in metabonomics and metab-
olomics. Annual Review of Analytical Chemistry (Palo Alto, Calif), 1(1), 
45–69. https://doi.org/10.1146/annur ev.anchem.1.031207.113026

Liu, Y., Tao, D., Lu, Y., Yang, Y., Ma, Y., & Zhang, S. (2014). Targeted dis-
ruption of the mouse testis-enriched gene Znf230 does not affect 
spermatogenesis or fertility. Genetics and Molecular Biology, 37(4), 
708–715. https://doi.org/10.1590/S1415 -47572 01400 5000013

Patti, G. J., Yanes, O., & Siuzdak, G. (2012). Innovation: Metabolomics: 
The apogee of the omics trilogy. Nature Reviews Molecular Cell 
Biology, 13(4), 263–269. https://doi.org/10.1038/nrm3314

Rosato, A., Tenori, L., Cascante, M., De Atauri Carulla, P. R., Martins Dos 
Santos, V. A. P., & Saccenti, E. (2018). From correlation to causation: 
Analysis of metabolomics data using systems biology approaches. 
Metabolomics, 14(4), 37. https://doi.org/10.1007/s1130 6-018-1335-y

Salehi, B., Ata, A., Anil Kumar, V., Sharopov, F., Ramírez-Alarcón, K., Ruiz-
Ortega, A., Abdulmajid Ayatollahi, S., Tsouh Fokou, P. V., Kobarfard, 
F., Amiruddin Zakaria, Z., Iriti, M., Taheri, Y., Martorell, M., Sureda, 
A., Setzer, W. N., Durazzo, A., Lucarini, M., Santini, A., Capasso, R., 
… Sharifi-Rad, J. (2019). Antidiabetic potential of medicinal plants 
and their active components. Biomolecules, 9(10), 551. https://doi.
org/10.3390/biom9 100551

Santosh, N., Mohan, K., Royana, S., & Yamini, T. B. (2010). Hepatotoxicity 
of tubers of indian kudzu (Pueraria tuberosa) in rats. Food & 
Chemical Toxicology, 48(4), 1066–1071. https://doi.org/10.1016/j.
fct.2010.01.026

Schaalan, M. F., Ramadan, B. K., & Abd Elwahab, A. H. (2018). Ameliorative 
effect of taurine-chloramine in azathioprine-induced testicular 
damage; a deeper insight into the mechanism of protection. BMC 
Complementary and Alternative Medicine, 18(1), 1–14. https://doi.
org/10.1186/s1290 6-018-2272-z

Seong, S. K., Kim, D. Y., Rhee, J. W., Leem, M. J., Rho, Y. K., Lee, H. Y., 
Ryu, J. M., & Ku, S. K. (2006). Single oral dose toxicity test of water 
extracts of puerariae radix in ICR mice. Toxicological Research, 22(4), 
431–438.

Sham, T.-T., Chan, C.-O., Wang, Y.-H., Yang, J.-M., Mok, D.-W., & Chan, S.-
W. (2014). A review on the Traditional Chinese Medicinal herbs and 
formulae with hypolipidemic effect. Biomed Research International, 
2014(10), 925302. https://doi.org/10.1155/2014/925302

Sharma, P., Huq, A. U., & Singh, R. (2014). Cypermethrin-induced 
reproductive toxicity in the rat is prevented by resveratrol. 
Journal of Huan Reproductive Sciences, 7(2), 99. https://doi.
org/10.4103/0974-1208.138867

Song, J., Kim, Y. S., Lee, D., & Kim, H. (2020). Safety evaluation of root 
extract of Pueraria lobata and Scutellaria baicalensis in rats. BMC 
Complementary Medicine and Therapies, 20(1), 226. https://doi.
org/10.1186/s1290 6-020-02998 -1

Song, W., Li, Y. J., Qiao, X., Qian, Y., & Ye, M. (2014). Chemistry of the 
Chinese herbal medicine Puerariae radix (Ge-Gen): A review. Journal 
of Chinese Pharmaceutical Sciences, 23(6), 347–360. https://doi.
org/10.5246/jcps.2014.06.048

Song, W., Li, Y. J., Qiao, X., Qian, Y., & Ye, M. (2014). Chemistry of the 
Chinese herbal medicine Puerariae Radix (Ge-Gen): A review. Journal 
of Chinese Pharmaceutical Sciences, 23(6), 347–360. https://doi.
org/10.5246/jcps.2014.06.048

Su, L. L., Mao, J., Hao, M., Lu, T., Mao, C., Ji, D., Tong, H., & Fei, C. (2020). 
Integrated plasma and bile metabolomics based on an UHPLC-Q/
TOF-MS and network pharmacology approach to explore the po-
tential mechanism of Schisandra chinensis-protection from acute al-
coholic liver injury. Frontiers in Pharmacology, 10, 1543. https://doi.
org/10.3389/fphar.2019.01543

Suchinda, M., Patthama, K., Wichai, C., Gen, W., & Kazuyoshi, T. (2004). 
Different effects of pueraria mirifica, a herb containing phytoestro-
gens, on LH and FSH secretion in gonadectomized female and male 
rats. Journal of Pharmacological Sciences, 96(4), 428–435. https://doi.
org/10.1254/jphs.FPJ04 029X

Tam, W. Y., Chook, P., Qiao, M., Chan, L. T., Chan, T. Y. K., Poon, Y. K., 
Yam, K., Fung, K. P., Leung, P. C., & Woo, K. S. (2009). The efficacy 
and tolerability of adjunctive alternative herbal medicine (Salvia mil-
tiorrhiza and Pueraria lobata) on vascular function and structure in 
coronary patients. Journal of Alternative & Complementary Medicine, 
15(4), 415–421. https://doi.org/10.1089/acm.2008.0400

Wang, C., Lin, H., Yang, N., Wang, H., Zhao, Y., Li, P., Liu, J., & Wang, F. 
(2019). Effects of platycodins folium on depression in mice based on 
a UPLC-Q/TOF-MS serum assay and hippocampus metabolomics. 
Molecules, 24(9), 1712. https://doi.org/10.3390/molec ules2 4091712

Wang, D., Qiu, L., Wu, X., Wei, H., & Xu, F. (2015). Evaluation of kudzu 
root extract-induced hepatotoxicity. Journal of Ethnopharmacology, 
176(Complete), 321–326. https://doi.org/10.1016/j.jep.2015.11.005

Wu, W. J., Liu, L. H., & Huang, Y. (2018). Simultaneous Determination 
of 14 Kinds of Isoflavones in Pueraria radix by LC-MS/MS. 
China Pharmacy, 29(10), 1320–1324. https://doi.org/10.6039/j.
issn.1001-0408.2018.10.06

Xing, J., Sun, H. M., Jia, J. P., Qin, X. M., & Li, Z. Y. (2017). Integrative 
hepatoprotective efficacy comparison of raw and vinegar-baked 
Radix Bupleuri using nuclear magnetic resonance-based metabolom-
ics. Journal of Pharmaceutical and Biomedical Analysis, 138, 215–222. 
https://doi.org/10.1016/j.jpba.2017.02.015

Xu, Y., Yang, L., Yang, F., Xiong, Y., Wang, Z., & Hu, Z. (2012). Metabolic 
profiling of fifteen amino acids in serum of chemical-induced liver in-
jured rats by hydrophilic interaction liquid chromatography coupled 

https://doi.org/10.3109/01480545.2015.1126842
https://doi.org/10.3109/01480545.2015.1126842
https://doi.org/10.1385/ENDO:30:1:93
https://doi.org/10.1262/jrd.18151
https://doi.org/10.1289/EHP6336
https://doi.org/10.1530/REP-11-0369
https://doi.org/10.5021/ad.2013.25.2.218
https://doi.org/10.3390/toxins8110275
https://doi.org/10.3390/toxins8110275
https://doi.org/10.1002/clc.20423
https://doi.org/10.3389/fphar.2020.00338
https://doi.org/10.3389/fphar.2020.00338
https://doi.org/10.1146/annurev.anchem.1.031207.113026
https://doi.org/10.1590/S1415-47572014005000013
https://doi.org/10.1038/nrm3314
https://doi.org/10.1007/s11306-018-1335-y
https://doi.org/10.3390/biom9100551
https://doi.org/10.3390/biom9100551
https://doi.org/10.1016/j.fct.2010.01.026
https://doi.org/10.1016/j.fct.2010.01.026
https://doi.org/10.1186/s12906-018-2272-z
https://doi.org/10.1186/s12906-018-2272-z
https://doi.org/10.1155/2014/925302
https://doi.org/10.4103/0974-1208.138867
https://doi.org/10.4103/0974-1208.138867
https://doi.org/10.1186/s12906-020-02998-1
https://doi.org/10.1186/s12906-020-02998-1
https://doi.org/10.5246/jcps.2014.06.048
https://doi.org/10.5246/jcps.2014.06.048
https://doi.org/10.5246/jcps.2014.06.048
https://doi.org/10.5246/jcps.2014.06.048
https://doi.org/10.3389/fphar.2019.01543
https://doi.org/10.3389/fphar.2019.01543
https://doi.org/10.1254/jphs.FPJ04029X
https://doi.org/10.1254/jphs.FPJ04029X
https://doi.org/10.1089/acm.2008.0400
https://doi.org/10.3390/molecules24091712
https://doi.org/10.1016/j.jep.2015.11.005
https://doi.org/10.6039/j.issn.1001-0408.2018.10.06
https://doi.org/10.6039/j.issn.1001-0408.2018.10.06
https://doi.org/10.1016/j.jpba.2017.02.015


810  |     CHEN Et al.

with tandem mass spectrometry. Metabolomics, 8(3), 475–483. 
https://doi.org/10.1007/s1130 6-011-0333-0

Yan, Y., Zhang, A., Dong, H., Yan, G., & Wang, X. (2017). Toxicity and 
detoxification effects of Herbal Caowuvia ultra performance liquid 
chromatography/mass spectrometry metabolomics analyzed using 
pattern recognition method. Pharmacognosy Magazine, 13(52), 683–
692. https://doi.org/10.4103/pm.pm_475_16

Yu, J., Yang, X., Luo, Y. A., Yang, X., Yang, M., Yang, J., Zhou, J., Gao, F., He, 
L., & Xu, J. (2017). Adverse effects of chronic exposure to nonylphe-
nol on non-alcoholic fatty liver disease in male rats. PLoS One, 12(7), 
e0180218. https://doi.org/10.1371/journ al.pone.0180218

Yu, Y., Wang, P., Yu, R., Lu, J., Jiang, M., & Zhou, K. (2019). Long-term 
exposure of Psoralen and Isopsoralen induced hepatotoxicity and 
serum metabolites profiles changes in female rats. Metabolites, 9(11), 
263. https://doi.org/10.3390/metab o9110263

Zhang, G., Liu, J., Gao, M., Kong, W., Zhao, Q., Shi, L., & Wang, Q. (2020). 
Tracing the edible and medicinal plant Pueraria montana and Its prod-
ucts in the marketplace yields subspecies level distinction using DNA 
barcoding and DNA metabarcoding. Frontiers in Pharmacology, 11, 
336. https://doi.org/10.3389/fphar.2020.00336

Zhang, L. (2019). Pharmacokinetics and drug delivery systems for 
puerarin, a bioactive flavone from traditional Chinese medicine. 
Drug Delivery, 26(1), 860–869. https://doi.org/10.1080/10717 
544.2019.1660732

Zhao, C., Wang, M., Huang, J., Jia, Z., Zhao, X., Li, E., Wei, Z., Dong, Y., 
Liu, W., Han, T., Liu, Y., Li, F., & Lin, R. (2020). Integrative analysis 
of proteomic and metabonomics data for identification of pathways 

related to Rhizoma Paridis-induced hepatotoxicity. Scientific Reports, 
10(1), 1–13. https://doi.org/10.1038/s4159 8-020-63632 -1

Zheng, M., Qin, Q., Zhou, W., Liu, Q., Zeng, S., Xiao, H., Bai, Q., & Gao, J. 
(2020). Metabolic disturbance in hippocampus and liver of mice: A 
primary response to imidacloprid exposure. Scientific Reports, 10(1), 
1–12. https://doi.org/10.1038/s4159 8-020-62739 -9

Zhu, B., Cao, H., Sun, L., Li, B. O., Guo, L., Duan, J., Zhu, H., & Zhang, Q. 
(2018). Metabolomics-based mechanisms exploration of Huang-Lian 
Jie-Du decoction on cerebral ischemia via UPLC-Q-TOF/MS analysis 
on rat serum. Journal of Ethnopharmacology, 216, 147–156. https://
doi.org/10.1016/j.jep.2018.01.015

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Chen L, Jiang E, Guan Y, et al. Safety of 
high-dose Puerariae Lobatae Radix in adolescent rats based on 
metabolomics. Food Sci Nutr. 2021;9:794–810. https://doi.
org/10.1002/fsn3.2044

https://doi.org/10.1007/s11306-011-0333-0
https://doi.org/10.4103/pm.pm_475_16
https://doi.org/10.1371/journal.pone.0180218
https://doi.org/10.3390/metabo9110263
https://doi.org/10.3389/fphar.2020.00336
https://doi.org/10.1080/10717544.2019.1660732
https://doi.org/10.1080/10717544.2019.1660732
https://doi.org/10.1038/s41598-020-63632-1
https://doi.org/10.1038/s41598-020-62739-9
https://doi.org/10.1016/j.jep.2018.01.015
https://doi.org/10.1016/j.jep.2018.01.015
https://doi.org/10.1002/fsn3.2044
https://doi.org/10.1002/fsn3.2044

