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ents in detoxication techniques
for aristolochic acid-containing traditional Chinese
medicines

Yang Fan, Zongming Li and Jun Xi *

Aristolochic acids (AAs) have attracted significant attention because they have been proven to be the

culprits in the mass incidents of AA nephropathy that occurred in Belgium in 1993. From then on, the

door to sales of medicines containing AAs has been closed. As aristolochic acid (AA)-containing

traditional Chinese medicine (TCM) has a potent therapeutic effect on some diseases, research into

detoxication techniques for AA-containing traditional Chinese medicines (TCMs) should be considered to

be absolutely essential. Therefore, in this paper, the use of AA-containing TCMs has been investigated

and detoxication techniques, such as, processing (Paozhi, Chinese name), compatibility (Peiwu, Chinese

name), pressurized liquid extraction (PLE) and supercritical fluid extraction (SFE), have been reviewed in

detail. A large number of relevant studies have been reviewed and it was found that processing with

honey or alkaline salts is the most widely used method in practical production. As the AAs are a group of

weak acids, relatively speaking, processing with alkaline salts can achieve a high rate of reduction of the

AAs. Meanwhile, it is necessary to consider the compatibility of AA-containing TCMs and other herbal

medicines. In addition, PLE and SFE can also achieve an excellent reducing rate for AAs in a much

shorter processing time. Therefore, the promotion of alkaline salt processing technology should be

strengthened in the future. At the same time, some advanced modern extraction technologies also have

good potential and should be further studied.
1. Introduction

Aristolochic acids (AAs) are a family of carcinogenic and neph-
rotoxic phytochemicals commonly found in species of the genus
Asarum and Aristolochia.1,2 Since AAs were nally proven to be
the culprits in the mass incidents of aristolochic acid
nephropathy that occurred in Belgium in 1993, many countries
have imposed a ban on the therapeutic use of aristolochic acid
(AA)-containing traditional Chinese medicines (TCMs). Nowa-
days, AAs are considered to be one of the most potent carcino-
gens, especially AA-I and AA-II. 3–5 Although the true
carcinogenic mechanism has not been fully identied, it is
generally acknowledged that AA-I and AA-II are both important
carcinogens and have a relatively high content compared to
other AA analogues in most AA-containing herbs. Meanwhile,
the cytotoxic data suggests that the nitro and methoxy groups
are determinants of the nephrotoxicological potency.6

Over 600 species of Aristolochia have already been found, of
which 99 species have already been used as medicines to help
patients recover from sexually transmitted diseases, gastroin-
testinal complaints, poisoning due to snakebites, eczema,
fungal skin diseases, and so forth.7 As shown in Fig. 1, the eight
iversity, Chengdu 610065, China. E-mail:

el: +86 28 85405209
typical AA-containing TCMs (Caulis Aristolochiae Manshuriensis,
Aristolochia fangchi, Aristolochia moupinensis, Aristolochia for-
diana, Radix Aristolochiae, Aristolochia mollissima, Asarum sie-
boldii, and Fructus Aristolochiae) are commonly used. As AA-
containing TCMs have such a high pharmaceutical value and
they cannot be completely replaced by other AA-free herbal
remedies, more and more researchers have begun to focus on
the selective detoxication of AAs from the related herbs to allow
their safe use in disease therapy.8,9 There are two kinds of
detoxication methods, named processing (Paozhi, Chinese
name) and compatibility (Peiwu, Chinese name) used in China
for the pretreatment of TCMs. Nowadays these methods are
increasingly being accepted and are becoming popular in
western medicine.10 However, there are still several disadvan-
tages to them, such as being time-consuming and labor-inten-
sive.11 In addition, the chemical proles of medicines are
changed during the processing, which inuences the pharma-
cological properties.12 In recent years, more efficient removal
techniques such as pressurized liquid extraction (PLE)13 and
supercritical uid extraction (SFE)14 have also been proposed.
These detoxication methods differ from the processing and
compatibility methods, and use temperature and pressure for
the detoxication of AAs.

The aim of this paper is to provide a detailed review of
traditional and current methods used for potential detoxication
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Eight typical AA-containing TCMs.
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of AA-containing TCMs, including processing (Paozhi),
compatibility (Peiwu), PLE and SFE. Furthermore, the main
problems and future development directions of these tech-
niques will also be discussed.
2. Summary of AAs
2.1 AA-containing TCMs

The AAs mainly occur in the genera Aristolochia and Asarum, of
which only three kinds of herbs are still recorded in the China
pharmacopoeia (2015). One is Asarum (Xi Xin, Chinese name),
whose roots and rhizomes can be used as medicine, this is
distributed in most parts of northern China. The other two
herbs are Northern Dutchmanspipe Vine (Tian Xian Teng, Chinese
name) and Fructus Aristolochiae (Ma Dou Ling, Chinese name),
which have the same original plants of Aristolochia debilis Sieb.
et Zucc. or Aristolochia contorta Bge and thus are termed Aristo-
lochia debilis, the stem and fruit of which can be used as
medicine (Table 1 and Fig. 2).

Aristolochic acids refer to a mixture of carboxylic acids.
Among these a toxicological study on AA-I and AA-II (Fig. 3)
revealed that the main constituents considered to be respon-
sible for the nephrotoxic and carcinogenic effects are relatively
abundant.11,15 Many studies have also found that not only AA-I
and AA-II, but also AA-III, AA-IIIa, AA-IV, AA-IIIa-6-b-D-gluco-
side, aristolochin, aristolactam-I (AL-I) and so on, 178 aristolo-
chic acid analogs (AAAs) in total, may have pathogenic
potential.16

Generally speaking, most of the species of Asarum contain
lower amounts of AA-I and AA-II than the Aristolochia species.
Zang et al. determined the total content of AAs in Asarum
bought from different places in China.17 They found that
a sample from Liaoning Province had the highest content of AAs
This journal is © The Royal Society of Chemistry 2020
of 0.6633 mg g�1. In the genera Aristolochia, Xu et al. separated
12 kinds of AAAs from the dry fruit of Aristolochia contortawhich
included three kinds of AAs and three kinds of aristolactams
(ALs).18 Tian et al. determined the average content of AL-I, AA-
III, 7-hydroxy-aristolochic acid I and AA-I in Aristolochia debilis
and found that the contents of AA-III and AA-I could reach
1.2 mg g�1 and 0.8 mg g�1, respectively.19 In contrast, the
disparity of the content of AAs in Asarum and Aristolochia can be
easily observed. Meanwhile it is clear that the contents of AAs in
Asarum and Aristolochia are still relatively high and research
into the detoxication of Asarum and Aristolochia is very
important.

The AAs have a highly specic tissue distribution in the
genera Asarum and Aristolochia. In the species Aristolochia,
taking Caulis Aristolochiae Manshuriensis as an example, the
contents of AA-I in the leaves and roots were much higher than
that in the stem, especially in the growing period, which
implied that AA-I might be a secondary metabolite of photo-
synthesis.20 In the species Asarum, Hus et al. found that the
amount of AA-I was highest in the leaves, followed by the peti-
oles, rhizomes and roots.21

2.2 Understanding Asarum and Aristolochia debilis toxicity

The toxicity of Asarum was rst recorded in the earliest Chinese
medicinal classic work Shennong Bencao Jing, “It can only be
used in combination properly with other herbs.” In the
Northern and Southern Dynasties, the record in Leigong Paozhi
Lun (a famous book of Drug Processing, written by Lei Xiao,
a famous pharmacologist) says that “Its leaves need to be
removed because of their toxicity.”

In Song Dynasty, according to the record in Bencao Bie Shuo,
written by Chen Cheng, a famous physician, “Asarum cannot
use more than 2.5 g for a single powder, or people will be in
RSC Adv., 2020, 10, 1410–1425 | 1411
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danger of life”. The famous Chinese medicinal classic work,
Compendium of Materia Medica (Herbalism masterpiece, written
by Li Shizhen in Ming Dynasty), says that “Asarum cannot use
more than 5 g for a single powder, or people will be suffocated
to death.” Up until the Qing Dynasty, there are other records
stating that “If it can be used in the proper combination with
other herbs, its usage limitation will not be so obvious.” It is
clear that the ancient Chinese neglected to note the presence of
AAs in Asarum. Nowadays, the China pharmacopoeia (2015)
recommends the dosage of Asarum that should be used is 1–3 g
and suggests the risk of nephrotoxicity should be noted.

Chinese people realized the toxicity of Aristolochia debilis
a long time ago. According to many records, Aristolochia debilis
is loaded with cold yin energy, which means that it is better to
use in moderation. It was rst recorded in Leigong Paozhi Lun,
“The peels and diaphragm need to be completely shucked
before using”. In the Compendium of Materia Medica, it is noted
that “they are potent in expelling pathogenic heat but will cause
vomiting if over consumed”. Similarly, almost no ancient
records note its nephrotoxicity. Later, the China pharmacopoeia
(2015) stipulated that the amount of AA-I contained in herbal
medicine, no matter the genera Aristolochia or Asarum, should
not be more than 0.001%.

Therefore, we can see that in ancient times, people did not
have a clear understanding of the toxicity of AA-containing
TCMs, and their opinions were different in these different
times. Moreover, people did not try to explore the detoxication
methods of the relatedmedicines, but avoided possible harm by
controlling the dosage or eliminating usage.
2.3 Preparation and determination

In order to further research the AAs, some researchers have
tried to nd and explore various qualitative and quantitative
methods for the preparation and detection of the AA
content.22–24 To enrich AA pre-treatment compounds, the
earliest inventors used CHCl3 or CH2Cl2 for extraction and
enrichment to obtain AA-I with a higher purity.22 This method is
unfavorable with regards to environmental protection and
recycling. Later, some researchers invented a method utilizing
amacroporous absorption resin extraction column, the recovery
rate of which is higher and the stability is better than that of the
traditional liquid–liquid extraction.23 There is also a method of
making molecularly imprinted polymers using silica gel to
enrich the content for further detection, this method has
a better selectivity. Therefore, it is more conducive to the
quantitative analysis of AAs.24

At present, there are many detectionmethods for AA content,
some of which are very simple and convenient. Some specic
methods are given in some patents, for example, the reduction
method is used to reduce the nitro group, which inhibits uo-
rescence on the AAs, to an amino group to obtain a uorescence
enhanced reduction product. The excitation and emission
spectra of the product can be measured to determine the AA
content.25 Another researcher invented a method using uo-
rescent test paper, which is even more convenient and accurate.
Only a single handheld ultraviolet lamp is needed to carry out
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The morphology of the entire herb of Asarum (A) and Aristolochia debilis (B) recorded in the ancient book. Images showing Asarum in
reality (C); processed Asarum used inmedicine (D); the fruit of Aristolochia debilis (MaDou Ling) in reality (E); the processed fruit used inmedicine
(F); the stem of Aristolochia debilis (Tian Xian Teng) in reality (G); and the processed stem used in medicine (H).
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the real-time quick detection of AAs.26 Rapid detection methods
usually use uorescent detection. In addition, the AA content in
Chinese herbal medicines can also be determined by using the
method of near infrared spectroscopy. This is a more accurate
quantitative method with a higher resolution.27 It can be seen
that detection methods for AAs are becoming more and more
mature.
Fig. 3 The molecular structure of AA-I and AA-II.
2.4 Metabolism and pathogenesis

Aristolochic acids are etiologic agents in clinical syndromes
known as Balkan endemic nephropathy, and cause a global
burden of chronic kidney disease and urothelial cancer.28

Currently, research on the metabolism of AA-I is relatively
comprehensive and denite.29 It mainly has two kinds of
metabolites in vivo (Fig. 4), one is the harmful DNA adducts and
the other is harmless and easily excreted. Under anoxic condi-
tions, the carcinogens of 7-(deoxyadenosin-N6-yl) aristolactam I
(dA-AL-I) and 7-(deoxyguanosin-N2-yl) aristolactam I (dG-AL-I),
a kind of aristolactam-DNA adduct, will be produced.30

Numerous in vitro and in vivo animal models have proved that
aristolactam-DNA adducts in human tissues serve as
biomarkers for AA-I exposure and play a critical role in the
development of upper tract urothelial cancers.28 These
aristolactam-DNA (AL-DNA) adducts can lead to mutations of
adenine (A) and thymine (T) in the genes reports of transgenic
mice aer the injection of AAs.31,32 By studying the transitional
cell carcinomas of patients with endemic nephropathy (EN),
researchers have found that almost all patients have at least one
A:T / T:A mutation, and it is heavily concentrated in the p53
gene. This is totally different from transitional cell carcinomas
with a common nephropathy.33,34 Under aerobic conditions,
NQO1 and CYP1A1/A2, the main metabolic enzymes that can
activate and detoxify poly cyclic aromatic hydrocarbons carcin-
ogens, can convert AA-I into AA-II, AL-I or 7-OH-AL-I by O-
demethylation or rearrangement. AA-II and AL-I can be further
converted into AL-II, which can be rapidly excreted by the
digestive system. Some researches indicated that the affinity of
AA-I with NQO1 and CYP1A1/A2, and the reduction and acti-
vation of CYP1A1/A2 to AA-I will affect the degree of
This journal is © The Royal Society of Chemistry 2020
nitroreduction or O-demethylation of AA-I.35,36 Therefore, it
provides a good solution to prevent the formation of
aristolactam-DNA adducts by detecting the activity of AA-I
metabolism-related enzymes in patients and selecting inhibi-
tors of the corresponding enzymes or CYP1A1/A2 inducers.

In addition to AA-I, some other compounds such as AA-II are
also found to be harmful and can also lead to the induction of
apoptosis through experiments on HK-2 cells. To further
distinguish the possible different renal toxicity of AA-I and AA-
II, some mice experiments were carried out and showed that
both AA-I and AA-II will cause acute tubular necrosis and
extensive cortical interstitial brosis, which are typical symp-
toms of cancer, while AA-II-treated mice exhibit comparatively
mild symptoms. The body weight of AA-I-treatedmice decreased
by more than 30% aer the experiment and those treated with
AA-II decreased by about 12%.11 If we consider the entire
digestive system, with time and dose accumulation of AAs, the
toxicity might be greatly undervalued in some ways. Chang
et al., designed a “microphysiological system” (MPS) which
could simulate organ and tissue function, and responded to
injury.28 To evaluate the role of hepatic metabolism in AA-
induced kidney injuries, they linked a faux human kidney on
a chip (MPS) to an MPS populated with human hepatocytes.
Cytotoxicity assays demonstrated that the amount of renal cell
RSC Adv., 2020, 10, 1410–1425 | 1413
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apoptosis increased aer AA-I treatment following prehepatic
metabolism (liver / kidney) compared to that of infusing AA-I
into the kidney MPS directly. The result indicated that the
overall effect of hepatic metabolism was to bioactivate, rather
than to detoxify.
3 Detoxication techniques of AA-
containing TCMs

Traditional Chinese medicine (TCM) has a very wide range of
applications in the eld of medicine owing to the advantages of
being a more holistic treatment. It usually has more than one
effect, which is different from Western medicine. However,
because TCMs generally have a complex chemical composition,
some of them will inevitably also be harmful to the human
body.37 The presence of AAs in the Aristolochia and Asarum
species is a very typical example. Some cancer-genomic
researchers believe that AAs have a direct link to mutation,
although they still cannot completely identify the dose response
relationship between the rate of prevalence of cancer and the
exposure to AAs.38 A controversial policy was introduced in 2018,
Fig. 4 The metabolic pathways of AA-I in vivo.

1414 | RSC Adv., 2020, 10, 1410–1425
which stipulated that TCMs no longer needed to pass safety and
efficacy trials in humans in China. Therefore, it is conceivable
that the research studying detoxication techniques for TCMs
will play a more important role in the safe use of TCMs.

As for the detoxication techniques, these can be roughly
divided into traditional methods, that is, processing and
compatibility, which originated in ancient China and modern
methods, such as, PLE and SFE. The majority of methods used
to determine the optimal conditions for processing and
compatibility are based on experience and extensive attempts.
The modern methods, PLE and SFE, have a relatively denite
scientic basis, therefore they have a clearer mechanism and
research direction. So far, related research into detoxication of
AAs is insufficient and further research is still needed. We will
highlight each method and discuss the features respectively in
the following sections. The rates of reduction of AA-I of AA-
containing TCMs are comprehensively summarized in Table 2.
3.1 Processing

The processing methods for Chinese herbal medicines, called
Paozhi in Chinese, play an important role in detoxifying toxic
This journal is © The Royal Society of Chemistry 2020
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herbs. These methods have a wide range of applications in
TCM, because some of the herbs not only include the effective
constituent, but also include toxicants, which can lead to side
effects.39 These methods are usually used to pretreat special
herbs which are smelly or have signicant side effects on the
human body.40 Paozhi can be used to retain the benecial
chemical components for health and reduce the harmful ones.40

As for the detoxication of AAs, proper processing such as pro-
cessing with NaHCO3 can achieve a relatively high reducing
rate, but requires a relatively longer processing time and
a greater amount of solvent, because it is usually a simple
neutral reaction in the absence of an external force essentially.
Nevertheless, some studies indicate that some other
compounds will appear aer processing by determination of
high performance liquid chromatography (HPLC), therefore
further research is required.

The principle of this method is relatively easy to understand.
Herbs are made of plant cells which have a dynamic, complex
membrane and a rigid cell wall, therefore the entry of solvents
faces some obstacles. These barriers can be disrupted by the
processing. In general, the processing method is simple. The
sample matrix is usually mixed with other supplements, and
then the mixture is soaked, ground, or even fried. This accel-
eration process is to raise the temperature or increase the
contact surface of the sample and supplements. Therefore the
entire process can help the harmful compounds react with
other chemicals in the supplements. With regards to the
Fig. 5 The basic procedure of Paozhi for AA-containing TCMs.

1416 | RSC Adv., 2020, 10, 1410–1425
effective processing methods of AA-containing TCMs, the
physical methods mainly involve processing with honey, salt
and wine and the chemical methods of processing use alkaline
salts or vinegar.41,42 The basic procedure for these methods is
shown in Fig. 5. Among these, honey and alkaline salts are the
most widely used in for the practical processing of AA-
containing TCMs.40

3.1.1 Processing with honey. Honey plays an important
role in processing. Chinese medicines such as aster, coltsfoot,
licorice and ephedra, which are used for pneumotherapy, are
mainly processed with honey. As honey is “warm” in TCM
theory, it can improve the treatment of lung diseases and
coughs, compared to the other processing excipients. According
to records in some local pharmacopoeia and China pharma-
copoeia (2015), almost all of them use honey as the adjuvant for
the process of Fructus Aristolochiae.43 As Fructus Aristolochiae is
also usually used for lung diseases and coughs, this will give
mutual promotion of the treatment.44

Mostly, processing with honey can not only remove the bitter
taste, but also has a certain effect on the removal of AAs. Liang
et al. studied the removal rate of AA-I from the seeds of Fructus
Aristolochiae aer processing with honey in a proportion of
1 : 0.25 g g�1. The sample was rst soaked in honey for 2 h, and
then fried for 5–20 min over a gentle heat. Later, the content
change of the AA-I from the seeds was determined. The results
showed the removal rate of AA-I could reach about 40% aer
frying for 20 min. Li et al. detected a change in the content of
This journal is © The Royal Society of Chemistry 2020
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AA-I, AA-II, 7-OH AA-I, AA C and AA D in the Fructus Aristolochiae
aer processing with honey.45 They found that the reducing
rates of these compounds in the decoction were between 16.9%
and 28.7%, and the reducing rate of AA-I was 25.8%. Zhang et al.
researched the change in the composition aer processing with
honey.43 They utilized the HPLC ngerprint to determine the
chemical ingredients of Fructus Aristolochiae from different
areas of China before and aer processing with honey. The
results showed that the reducing rate of AA-I could exceed 36%.
Nevertheless, the content of AA-I was still above 0.2 mg g�1,
which was the minimum toxic dose in the human body.19

As the decrease of AAs cannot represent the effect of detox-
ication completely. Some researchers have demonstrated in
mice that Fructus Aristolochiae processed using honey is de-
nitely safer. Yang et al. researched the LD50 of Fructus Aristo-
lochiae before and aer processing with honey in a proportion
of 1 : 0.3 g g�1, and they found that the LD50 values were 34.0
and 62.6 g kg�1 d�1 respectively.46 The 95% condence limits
were 27.7–42.0 g kg�1 d�1 and 55.1–71.1 g kg�1 d�1 respectively.
In conclusion, there is a certain effect on the detoxication of
Fructus Aristolochiae from the processing method using honey.
However, the reducing rate of AA-I is lower, and the mechanism
is still ambiguous. Therefore, the processing technique is still in
need of improvement.

3.1.2 Processing with alkaline salts. The molecular struc-
tures of AAs contain a carboxyl group which can be reacted with
alkaline salts. AAs can be soluble in water aer processing with
alkaline salts.47,48 Therefore processing with alkaline salts is one
of the most important methods for AAs. It is worth noting that
processing only uses weakly alkaline salts as the excipients in
order to protect the active ingredients of the material. NaHCO3

is one of the most-used adjuvants. As AAs are mildly acidic and
their sodium salts are soluble, it is easier to wash off during
processing.42

Compared to honey, the detoxication effect is better by pro-
cessing with NaHCO3. Liu soaked 50 g Asarum in 0.1 mol L�1

NaHCO3 for 24 h, washed the herb materials, repeated this
process four times and then dried them in an oven.42 When the
ratio of material to solvent was 1 : 40 g mL�1, it was found that
the reducing rate of the AAs could reach more than 85%. He
et al. soaked Caulis Aristolochiae Manshuriensis in 0.05 mol L�1

NaHCO3 for 24 hours, then washed it out with water and
repeated this process three times.17 Aer that, the content of AA-
I was determined by HPLC and the reducing rate of AA-I was
83.74%. Lu and Pan soaked Caulis Aristolochiae Manshuriensis
in 0.1 mol L�1 NaHCO3 and boiled the solution until the water
was all evaporated. Later they washed the herb material, dried it
out and determined the residual AA-I.50 When the ratio of
material to solvent was 1 : 10 g mL�1, the reducing rate of AA-I
was 46.4%. It could be found that the content change of AAs
mainly depended on the processing time, temperature and
washing-leaching times. The rinsing process could wash off the
sodium salt of AAs, a higher temperature could accelerate the
evaporation of water and the repetitive process could increase
the concentration difference of AAs for diffusion and produce
a better detoxication effect.
This journal is © The Royal Society of Chemistry 2020
In order to obtain a more comprehensive understanding of
the actual detoxication effect, Wang et al. studied the pharma-
codynamics and toxicology of Asarum in mice before and aer
processing with NaHCO3.

50 The analgesic and anti-
inammatory effect of the processed Asarum was tested in
a hot plate test, writhing test and xylene induced ear swelling
test. The results showed that the number of times the body
twisted in the high dose group of Asarum was 11.01 � 2.83
times, which was more than that of the processed Asarum which
was 8.71 � 2.04 times (P < 0.05), and the degree of foot swelling
2 h aer administration of the crude decoction was 14.00 �
2.30 mg, which was higher than that in the processed Asarum
decoction of 10.00 � 2.30 mg (P < 0.05). The degree of ear
swelling in the low dose group for the crude Asarum decoction
was 13.30 � 1.35 mg, which was higher than that of the pro-
cessed Asarum decoction of 9.70� 1.41 mg (P < 0.05). The rate of
inammation inhibition in a xylene induced swollen mouse ear
was 17.30% for the crude Asarum decoction, which was signif-
icantly lower than that of processed Asarum decoction of 22.80%
(P < 0.05).

In the actual production, rice vinegar is usually used to
neutralize the excess alkaline salt. In order to determine the
detoxication effect in practice, Wang et al. studied the methods
of processing with NaHCO3 and rice vinegar. Firstly, they mixed
10 times the amount of 0.1 mol L�1 NaHCO3 solvent with the
crude Caulis Aristolochiae Manshuriensis, soaked for 24 h and
rinsed with water three times aer the process of soaking,
repeated six times, then fried the products until the water
evaporated.51 Secondly, they diluted rice vinegar by 2.5-fold with
water, soaked the processed Caulis Aristolochiae Manshuriensis
with diluted rice vinegar in the proportion of 1 : 1 g g�1 for
a sufficient time and fried them until they were dry. Lastly, they
compared the dissolution rate of the treated sample and the
crude one in the decoction and found that the treated one
decreased by about 80%. In the entire whole process, the
carboxyl on the AAs can react with NaHCO3 to form soluble
sodium salts and most of them can be washed out. Residues of
the salts will be reduced to the free acid and will be hard to
dissolve. Therefore, this process method can also provide
a good detoxication effect.
3.2 Compatibility

The compatibility (Peiwu, Chinese name) of AAs with other
medicinal materials has been used by generations of physicians
to achieve a detoxication and synergistic effects.37 In brief, the
aim of this method is to select the optimum combination of two
or more Chinese herbs which have a similar effect to improve
the overall effectiveness. Meanwhile, the mixture could result in
a decreased in the toxicity of the herbs. Therefore, it could
achieve the result of one plus one being larger than two.51

However, there remains a lack of systemic analyses of the
compatibility rationale of TCM. The formula for TCM is mainly
based on extensive attempts and experience.10,12,52

Compared to processing, the compatibility of different
herbal medicines has the same principle in essence. TCM
theory is aimed toward mixing different materials together to
RSC Adv., 2020, 10, 1410–1425 | 1417
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maximize the efficacy and minimize the adverse effects of the
main herbs.53 The main difference between the processing and
compatibility is the selection of the supplement. Compatibility
is the combining of different herbs together, therefore it is more
difficult to determine the complex compounds contained in
herbs.54 As for the detoxication of AAs, the following section will
give a comprehensive review of the different compatibilities by
taking Caulis Aristolochiae Manshuriensis as an example.10

3.2.1 Compatibility in Daochi powder. The prescription of
Daochi powder was invented by Qian Yi, a famous pediatric
doctor in the North Song Dynasty. Its nature is bitter and cold,
and it is usually used for the treatment of gastrointestinal
discomfort caused by intestine-heat.55 The Caulis Aristolochiae
Manshuriensis, a monarch drug in this prescription, matched
with licorice and Radix Rehmanniae in the proportion of 1 : 1 : 1
can be considered to be the standard recipe and sometimes
bamboo leaves will also be added to improve the heat-clearing
function.56 The major active components of licorice and Radix
Rehmanniae are glycyrrhizin and iridoid glycosides, respectively.

Some researches indicated that the compatibility of licorice
and Radix Rehmanniae had a good inhibition for the dissolution
of AAs and obtained a good effect in the alleviation of renal
tissue injury. Ding et al. found that the content of AAs in
a decoction of Daochi powder was 40–60%, which was less than
that of the single decoction of Caulis Aristolochiae Manshur-
iensis.57 Li et al. found that the content of AAs was 0.1605 mg
mL�1 in Daochi powder, which was less than half of the content
of AAs in the single decoction of Caulis Aristolochiae Manshur-
iensis.58 Later, in a mouse model, they compared the renal
function and pathological changes in renal tissue between the
mice by injecting them with 6 g kg�1 d�1 of the decoction of
Daochi powder and a single decoction of Caulis Aristolochiae
Manshuriensis. In contrast, the group injected with Daochi
powder exhibited reduced kidney damage and the renal tissue
morphology was almost the same as that of the control group.

3.2.2 Compatibility in Longdanxiegan decoction. Long-
danxiegan decoction was rst recorded in Medical Formulas
Gathered and Explained written by Wang Ang, a famous medical
scientist in the Qing Dynasty. The prescription mainly contains
Gentian, Radix Scutellariae, Fructus Gardeniae, Radix Bupleuri,
Alisma Orientalis, Caulis Aristolochiae Manshuriensis (or Tong-
cao), Radix Angelicae Sinensis, Radix Rehmanniae, and liquorice.
It was effective for patients with eczema and inammation of
liver heat. Caulis Aristolochiae Manshuriensis was used as the
assistant drug in the TCM.59

A comparative research of the dissolution rate of AA-I among
Longdanxiegan decoction, the decoction of single Caulis Aristo-
lochiae Manshuriensis and the Longdanxiegan decoction without
Radix Angelicae Sinensis, Radix Rehmanniae, and liquorice was
carried out by Xu and Xie.60 The result showed that the amount
of dissolution of AAs was 0.0326, 0.0627 and 0.0454 mg mL�1,
respectively, which indicated that the compatibility of Long-
danxiegan decoction could reduce the dissolution of AA-I and
that the Radix Angelicae Sinensis, Radix Rehmanniae, and
liquorice contained within it played a more important role. This
might be due to the complexation reaction between AA-I and the
dissolved metal ions in the decoction which comes from Radix
1418 | RSC Adv., 2020, 10, 1410–1425
Angelicae Sinensis and the Radix Rehmanniae in the prescription.
Meanwhile, the glucuronic acid formed by glycyrrhizin also
combines with a carboxyl on AA-I to reduce its dissolution.60

Another study investigated the nephrotoxicity and pharmaco-
kinetic characteristics of the Longdanxiegan decoction in mice,
and found that the level of Scr, BUN, UPRO and tubular inter-
stitial lesions were signicantly high in the serum of the group
treated with the Longdanxiegan decoction and the single decoc-
tion of Caulis Aristolochiae Manshuriensis, while the level of
damage to the former was less than that of the latter. The results
indicated that the Longdanxiegan decoction had some effect on
detoxication, but its function was not ideal.61

3.2.3 Compatibility with Rehmannia Root. Rehmannia Root
is the root of rehmannia of scrophulariaceae. It was rst recorded
in one of the oldest pharmacological books named Shen Nong's
Herbal Classic. In TCM, Rehmannia Root is cold in nature and
tastes bitter, has the function of nourishing Yin, clearing heat,
stopping bleeding and mitigating edema. Its major effective
components are sterols.

The famous prescriptions, Daochi Powder, Longdanxiegan
decoction, Xiaoji Yinzi, and so forth are all compatible with
Rehmannia Root while using Caulis Aristolochiae Manshuriensis.
It was recorded that the combination of these two herbs can
promote diuresis, clear dampness, pathogenic heat and restore
the balance of yin and yang.61 To study the effect of changes in
the compatibility ratio on the efficacy, some researchers
compared the content of AAs with different compatibility ratios
(1 : 0.5, 1 : 1, 1 : 2, 1 : 4, and 1 : 6) and found that the propor-
tion of 1 : 0.5 g g�1 of Caulis Aristolochiae Manshuriensis and
Rehmannia Root could obtain the highest reducing rate of more
than 50%.62,63 The result also showed that the content of AA-I
did not decrease gradually with the increased usage of
Rehmannia Root, which excluded the possibility that the
decrease in AA-I was due to the adsorption effect of the
Rehmannia Root.

3.2.3 Compatibility with Tree Peony Bark. Tree Peony Bark
is the dried root bark of Paeonia suffruticosa. In TCM, it is
slightly cold in nature and taste bitter, and can be used to
promote blood circulation, remove blood stasis and clear heat.
Before its use as a medicine, it was mainly processed with wine,
fried over a gentle heat or until charred.56 Its major effective
components are Paeonol and Paeoniorin, which proved to
have a signicant effect on protecting myocardial cells.64

Several studies combined Caulis Aristolochiae Manshuriensis
with Tree Peony Bark at different ratios, including 1 : 0.5, 1 : 1,
1 : 2, 1 : 4, 1 : 6 and obtained the same optimal ratio of
1 : 1.63,65,66 Specically, Zhang et al. treated the compatibility
group and the single medicine group with ultrasound for
50 min and found that the reducing rate of the AAs was reduced
by 73.5% in the former.63 Wang and Deng conducted a more
detailed study.65 They compared not only the AA-I content in the
compatibility decoction with single Caulis Aristolochiae Man-
shuriensis, but also its residual content in drug sediments,
respectively. In addition, they analyzed the components of the
decoction and residue before and aer the compatibility using
HPLC, and found that the amounts of AA-I remaining in the
decoction and the drug sediments of the compatibility group
This journal is © The Royal Society of Chemistry 2020
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were both reduced signicantly. Meanwhile another obvious
chromatographic peak appeared logically beside that of the AA-
I, it could be inferred that AA-derived analogs were produced
during decocting. Interestingly, a similar but smaller adjacent
peak also exists in the single decoction group, but it does not
appear aer the non-heat treatment of ultrasound. Therefore,
the results illustrated that the structure of AA-I was unstable at
Fig. 6 The structure and procedure of a PLE system (A), and a schemat

1420 | RSC Adv., 2020, 10, 1410–1425
the relatively higher temperature of poaching, and paeonol in
Tree Peony Bark could not reduce the dissolution of AA but
would promote its reaction and turn it into the new compounds.
Whether the compatibility is effective was better illustrated by
another mouse experiment.66 It was found that the related
indexes of renal function such as b2 microglobulin, Scr and BUN
were signicantly lower than those in the single decoction
ic description of the procedure (B).

This journal is © The Royal Society of Chemistry 2020
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group aer 6 weeks of gavage in rats, and the differences were
statistically signicant. Therefore, the result proved the detox-
ication effect of the compatibility.

3.2.4 Compatibility with Rhizoma Coptidis. Rhizoma Cop-
tidis has been used as a medicine for a long time. It tastes very
bitter and the nature is very cold. Pharmacological studies have
shown that Rhizoma Coptidis has a good therapeutic effect on
anti-inammatory, antimicrobial, anti-tumor, anti-platelet
aggregation and immune regulation. Its active components
are mainly alkaloids (about 5–8%) and the major one is
berberine.

Wu et al. investigated the compatibility of Caulis Aristo-
lochiae Manshuriensis and Rhizoma Coptidis with different
proportions.40 The content of AA-I in each compatibility group
was signicantly lower than the single Caulis Aristolochiae
Manshuriensis decoction. In the compatibility group with the
proportion of 1 : 1 g g�1, the reducing rate reached a maximum
of about 75.85%. Furthermore, the research also indicated that
the results were not inuenced despite other herbal medicines
being added during the decocting process. Based on experi-
ments with mice, Ma et al. observed that the combination could
signicantly improve the appetite, body weight, coat color,
mental state, renal morphology and the biochemical items of
renal function compared to the single Caulis Aristolochiae
Manshuriensis decoction-treated rats.67,68

To summarize, according to the experiments in vivo and in
vitro, most of compatibility and different processing methods
could reduce the acute nephrotoxicity and improve the metab-
olism of AA-containing TCMs such us Caulis Aristolochiae
Manshuriensis, Fructus Aristolochiae, and Radix Aristolochiae
(Table 3). However, there are still some difficulties with these
traditional extraction methods. Firstly, observation of the
pharmacological effects of other compounds produced by these
methods are still scarce and further research is needed.
Secondly, these methods also have the problem of having a long
treatment time, large solvent usage, and so forth, and the effi-
ciency still needs to be improved. Thirdly, the detoxication
mechanism of these traditional extraction methods is still not
completely clear and further determination is needed.
3.3 Pressurized liquid extraction

Pressurized liquid extraction is a relatively new extraction
method compared to the processing and compatibility
methods.13,69 It can also be called accelerated solvent extraction,
pressurized solvent extraction or enhanced solvent extraction.
PLE is an environmental-friendly method which has emerged as
an efficient way of increasing the automation, shortening the
extraction time and reducing the amount of organic solvent.70

In principal, the efficiency of PLE depends on the nature of
the sample matrix, the target compounds to be extracted and
their location within the matrix. The control step of PLE is
diffusion, which can be subdivided into six steps, specically:
(1) rapid solvent entry; (2) desorption from the matrix active
sites; (3) diffusion through swollen organic material; (4) solva-
tion in the solvent at the matrix–solvent interface; (5) diffusion
through the static solvent in the porous matrix; and (6)
This journal is © The Royal Society of Chemistry 2020
diffusion through the organic layer. Diffusion depends on the
properties of the target compounds and the choice of
solvent.71,72 PLE works at high temperature and high pressure to
extract quickly with a few milliliters of water or organic solvent.
The temperature applied for PLE should be higher than the
boiling point and a sufficient pressure needs to be applied to
maintain the solvent in the liquid state.13 Owing to the char-
acteristics of dissolution, the analytes can be dissolved in the
solvents which have a similar polarity. The dielectric constant is
a measure of the polarity, and it can be changed markedly at
higher pressure and temperature. Take water for example, the
hydrogen-bonded lattice will be disrupted when the thermal
motion increases apparently.72,73 The temperature needed to
extract AAs is usually controlled between 100 to 120 �C and the
corresponding pressure has no limitations. In this range, 25–
40 mL methanol is selected as the solvent owing to its low
polarity. It is worth noting that the raw herb should be ground
by a microne grinder before extraction, and the size of the
particles selected must be less than 0.5 mm for a greater contact
area with the solvent.13

As for the apparatus of PLE, the scheme for a typical unit and
the basic extraction procedure are given in Fig. 6. The entire
process contains several successive steps. Firstly, the sample is
entered into the cell which is placed on the carousel and mixed
with inert material. Secondly, the cell is rotated into position in
the oven chamber by the carousel, transferred into it and
automatically sealed at room temperature. Thirdly, the extrac-
tion process in the oven chamber will start aer preheating and
continue for a user-set static time. Finally, the solvent, which
contains the extracted analytes, will be collected in a vial. Aer
the whole process, the cell needs to be ushed and purged with
an inert gas such as N2. Normally the total extraction time is 15–
45 min and this can sometimes be extended if necessary.69,70

Ong et al. applied this extraction method to reduce the content
of AA-I and AA-II in Radix Aristolochiae.13 The result showed it
could achieve a higher amount of removal of AA-I compared to
that of Soxhlet and ultrasonic assisted extraction,74 which was
recorded as the standard method in the China pharmacopoeia
(2015), on the premise of reduced solvent and time consump-
tion. This technology still faces some challenges, because the
study only reected the removal of AA but did not mention the
effective components, therefore preservation of the effective
components under the extraction conditions of a high
temperature and pressure requires further research and
comprehensive consideration. Meanwhile, the extraction
solvent used in the study was methanol. Considering its bio-
logical toxicity and environmental hazards, the extraction effect
of other solvents such as water should be further studied.
3.4 Supercritical uid extraction

Supercritical uid extraction has been widely used since the
1990s. As the name implies, this method uses supercritical uid
as the solvent. Low viscosity samples appear as a gas, high
density as a liquid, and intermediate as diffusion between the
gas and liquid phases, varying with the density. Many
compounds can be used as supercritical solvents, such as water,
RSC Adv., 2020, 10, 1410–1425 | 1421
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benzene, toluene, ethane, ethanol, and so forth. The high
density of these uids gives them a high solvation power,
whereas its high diffusion and low viscosity values provide the
desired penetration power in the solid matrix.75 Among them,
CO2 is the most commonly used owing to the fact that it is
economical, eco-friendly, easily available and easy to remove
aer extraction. Additionally, CO2 is a non-oxidizing medium
Fig. 7 The structure and procedure of an SFE system (A), and a schema

1422 | RSC Adv., 2020, 10, 1410–1425
and its critical point (304 K, 7.4 Mpa) requires low temperature
extraction conditions.75,76 Therefore, supercritical CO2 is an
excellent alternative to chemical solvents and can be widely
applied to extract the thermally unstable or easily oxidized
compounds. In this aspect, SFE can be effective in protecting
the active ingredients contained in herbal material such as AA-
containing TCMs.76
tic description of the procedure (B).

This journal is © The Royal Society of Chemistry 2020
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However, CO2 has a low polarity and thus cannot be effec-
tively utilized for all tasks, because sometimes the target
compounds may have a high polarity. According to the theory
that liquids of a similar polarity can be easily solved in each
other, raising the polarity to adapt to different kinds of target
compounds is important.77 To receive a better extraction effi-
ciency, sometimes some modiers need to be added and these
modiers play a crucial role in SFE. To raise the polarity of CO2,
at least 17 modiers, such as water, ethanol, methanol, acetic
acid, ethylene glycol, and so forth, have been studied. It was
found that methanol, the most commonly used solvent, is an
effective polar modier when used in conjunction with CO2. By
taking the environmental pollution into consideration, we can
also use ethanol as a substitute even though its effect is not as
good as methanol for plant materials. As for the AAs, methanol
can achieve a good detoxication efficiency.77 In addition, as
demonstrated in another study,78 Freon-22 (chlorodiuoro-
methane) has been proved to be useful for the extraction of
carboxylic acids, which means it could be appropriate for the
AA-containing TCMs owing to the structure containing
a carboxylic acid group.

Supercritical uid extraction is an efficient extraction
method with good selectivity. However, there aremany variables
that need to be controlled in the extraction process. Mostly,
parameters such as the temperature, pressure, modiers, ow
rate, sample moisture content and sample particle size can
inuence the extraction effects of SFE. Specically, an appro-
priate temperature and pressure are critical because, to a great
extent, they will determine the extraction yield and extract
composition. As mentioned above, the modiers usually play an
important role in the extraction of polar compounds. Increasing
the ow rate within a permissive extent can obtain a more
homogeneous mixture of the solvent and material and a shorter
extraction time. Meanwhile, sample preparation also needs to
be seriously considered. A smaller particle size can increase the
surface area of the sample exposed to the solvent and improve
the extraction efficiency. However, a high moisture content will
make the sample agglomerate and reduce the amount of
contact between the solvent and sample. Moreover, moisture
can be a barrier to the diffusion of the solvent in the sample, as
well as the diffusion of the extractant outside the sample,
therefore it is important to dry the raw material before
extraction.79

The basic SFE instrumentation and its basic extraction
procedure are shown in Fig. 7. A high pressure pump is used to
deliver the extraction uid to a high-pressure extraction cell.
Before this, the modier, which can be pumped in by an addi-
tional pump for the majority of the time, may be added to the
uid to change its polarity. The cell, usually constructed from
stainless steel, can withstand a high pressure. By placing it into
an oven, the cell can be maintained at a temperature above the
critical temperature of the uid. A restrictor is then used to
maintain the desired extraction pressure. When the uid has
passed through the restrictor it can be simply depressurized
and the analyte will be trapped in a collection device. The
collection device can be a vial containing a solvent or a cartridge
containing chromatographic packing material. For the whole
This journal is © The Royal Society of Chemistry 2020
system, a control center will be used to adjust the operation.69,80

Liang et al. ground 1 g of sample into 100–120 mesh size and
pretreated it with 2 mL ethanol for 12 h.14 They found that the
removal rate of AA-I and AA-II were respectively 65.2% and
59.1% for Fructus Aristolochiae and 81.3% and 81.2% for Caulis
Aristolochiae Manshuriensis under the optimum conditions of
a pressure of 194 bar, a temperature of 50 �C, an ethanol
concentration of 0.2 mole fraction and a processing time of 4 h.
However, the results did not mention the amount of remaining
active ingredients and no toxicity studies were performed on the
processed material. Therefore we cannot make a comprehen-
sive assessment based on the one-sided data and analysis. At
present, the application of the SFE method in TCM extraction is
mainly limited to the extraction of effective components from
single TCMs. However, for research on the detoxication of AA-
containing TCMs, the goal is to remove AAs while preserving as
many effective components as possible, therefore this was also
a crucial problem for this technology. Furthermore, it also faced
the challenges of the expensive process equipment, difficulties
in cleaning and realizing industrial production, which need to
be further studied and overcome.

4 Conclusions and future trends

Recently, kidney disease from herbal medicines, also called
aristolochic acid nephropathy, has resulted in AA-containing
TCMs being largely boycotted by many countries. However, for
thousands of years, AA-containing TCMs have been widely used
to treat many diseases in clinical practice, such as sexually
transmitted diseases, gastrointestinal complaints, eczema, and
so forth. Many Chinese patent medicines are made from
a variety of herbs, and toxic compounds such as AAs are still
inevitably contained within. Therefore, it is important to study
detoxication methods for AA-containing TCMs. This review has
introduced and discussed different detoxication methods,
including the processing, compatibility and new techniques of
PLE and SFE, in detail. In fact, based on many experimental
results, it has been found that the toxicity can actually be alle-
viated aer the detoxication process. Thus, further improve-
ments in detoxication techniques for AA-containing TCMs are
realistic. However, there are still many challenges that need to
be overcome in subsequent research.

(1) In the current study, the available research on different
detoxication techniques is not sufficient. Further attempts to
nd novel approaches are necessary, and they can help us to
fully take into account all factors that may affect the extraction
processing and nally nd a method to give the best compre-
hensive evaluation.

(2) In the current research on the detoxication of AA-
containing TCMs, many researchers only focus on the content
of AA-I but overlook the other AAAs. Therefore, more bio-
experiments are needed to fully understand the clinical effects
of processed AA-containing TCMs.

(3) A comprehensive review of various detoxication
methods has been provided, including the method of process-
ing with NaHCO3 using non-toxic alkaline salts as an auxiliary
agent and simultaneously utilizing the simple principle of acid–
RSC Adv., 2020, 10, 1410–1425 | 1423
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base neutralization, therefore it plays an important role in
detoxication research for AAs. Future research should focus on
improving the efficiency and further conrming the toxicity of
the derivatives. As AAs have a strong accumulative effect in the
human body, future research in the eld of AA detoxication
should further focus on improving the selectivity of detoxica-
tion. From this point of view, SFE is an ideal extraction method,
and further optimization of the parameters, equipment struc-
tural design and clinical trials are needed to enable the prod-
ucts to be truly useful clinically and to allow industrial
production.
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