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Chemical profiling analysis of Maca 
using UHPLC-ESI-Orbitrap MS 
coupled with UHPLC-ESI-QqQ MS 
and the neuroprotective study on 
its active ingredients
Yanyan Zhou1,*, Peng Li2,*, Adelheid Brantner3, Hongjie Wang1, Xinbin Shu4, Jian Yang1, 
Nan Si1, Lingyu Han1, Haiyu Zhao1 & Baolin Bian1

Lepidium meyenii (Maca), originated from Peru, has been cultivated widely in China as a popular 
health care food. However, the chemical and effective studies of Maca were less in-depth, which 
restricted its application seriously. To ensure the quality of Maca, a feasible and accurate strategy was 
established. One hundred and sixty compounds including 30 reference standards were identified in 6 
fractions of methanol extract of Maca by UHPLC-ESI-Orbitrap MS. Among them, 15 representative 
active compounds were simultaneously determined in 17 samples by UHPLC-ESI-QqQ MS. The 
results suggested that Maca from Yunnan province was the potential substitute for the one from 
Peru. Meanwhile, the neuroprotective effects of Maca were investigated. Three fractions and two 
pure compounds showed strong activities in the 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine 
(MPTP)-induced zebrafish model. Among them, 80% methanol elution fraction (Fr5) showed significant 
neuroprotective activity, followed by 100% part (Fr6). The inhibition of acetylcholinesterase (AChE) and 
butyrylcholinesterase (BuChE) was a possible mechanism of its neuroprotective effect.

Maca (Lepdium meyenii), known as “Peruvian ginseng”1, has been used as traditional health care food for over 
2000 years in South America. According to hypocotyl colors, it was classified in black, purple and yellow varie-
ties2. In 1992, Maca was recommended as the safety edible food by Food and Agriculture Organization (FAO). 
After twenty years of development, it has been considered as one of the star products in the global health care 
market. Because of its various potential effects, in the early 21st century, Maca was introduced into China suc-
cessfully and vigorously promoted the cultivation in Yunnan, Xinjiang and Tibet regions at high altitude similar 
to Peru.

Traditionally, Maca was always used in strengthening body, improving fertility and sexual function. Modern 
pharmacological studies displayed its effects on depression, rheumatism, premenstrual discomfort and menopau-
sal symptoms3. Significantly, along with the increasing risk of neurodegenerative diseases, the neuroprotective 
effect of Maca has been attracting great concern. The discovery and screening of neuroprotective substances from 
Maca should be given high priority4–12.

Since 2016, the price of Maca decreased dramatically in China. There were a couple of reasons for this. Firstly, 
a plenty of inferior products of Maca disturbed the market. Secondly, the basic study of Maca could not meet 
the requirement of market. Both of them came down to the absence of in-depth research of Maca, including the 
chemical profiling, the reasonable quality standard and the systematic effects evaluation13.

Previously, people mainly focused on the nutrient compositions in Maca, such as proteins, amino acids and 
fatty acids. However, the secondary metabolites were mainly responsible for its multiple functions. The alkaloids, 
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glucosinolates and macaenes should be deserved close attention14. UHPLC-ESI-Orbitrap MS was the valid solu-
tion for the chemical analysis of secondary metabolites in Maca, which could provide accurate full MS and MS/
MS fragments measurements of the target compounds with high sensitivity and precision. For quantitative anal-
ysis, UHPLC-ESI-QqQ MS could determine different types of constitutes irrespective of their ultraviolet absorp-
tion and the degree of separation by dynamic multiple reaction monitoring (DMRM) method.

In terms of neuroprotective effects evaluation, the zebrafish models of neurodegenerative diseases has been 
recognized by increasing numbers of researchers15–20. Since zebrafish embryos were susceptible to various toxins 
such as MPTP, which was used as an inducible model of neuronal loss. Transparency was also a unique attribute 
of zebrafish that permitted direct assessment of drug effects on the nervous system. Also, the other multiple 
advantages of zebrafish, such as small size, high fecundity and ease of phenotype recognition, made it well suited 
for high-throughput screening. Meanwhile, in the evaluation of neurodegenerative diseases, MPTP-induced 
zebrafish model generated a loss of dopaminergic neurons similar to the mid-brain lesion in the Parkinsonian 
patients21.

Generally, in the present study, a sensitive and accurate strategy was developed for the comprehensive chemi-
cal analysis of Maca firstly. UHPLC-ESI-Orbitrap MS and UHPLC-ESI-QqQ MS were employed for the qualita-
tive and quantitative analysis respectively. Totally, 160 constituents were detected and identified from 6 fractions 
of Maca extract. Fifteen of them were selected for the quality control study. Furthermore, the neuroprotective 
effect of Maca was studied by MPTP-induced zebrafish model with dopaminergic neuronal loss. 80% methanol 
elution fraction (Fr5) showed significant neuroprotective effects, followed by 100% part (Fr6). Also, the inhibition 
of acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) experiments were performed in vitro, which 
also supported the 80% methanol elution fraction (Fr5) as the strongest neuroprotective fraction. Imidazole alka-
loids, macamides and macaenes were predominant constituents in Fr5. AChE and BuChE were regarded as the 
potential targets for the neuroprotective effects of Maca.

Results and Discussion
The chemical profiling analysis of Maca.  The use of Octadecylsilyl gel (ODS gel) remarkably increased 
chromatographic peaks, and thus achieved the enrichment of minor constitutes. UHPLC-ESI-Orbitrap MS was 
employed for the analysis. The element compositions of reference standards, unknown compounds and their MSn 
fragments were calculated by accurate high resolution mass measurements. The total ion chromatogram (TIC) 
of Maca extract was shown in Fig. 1. In 6 enriched fractions, 160 ingredients were observed and identified, which 
were separated and enriched specifically according to their polarities. The main components in each fraction was 
illustrated as follows: Fr1 (organic acids), Fr2 (glucosinolates), Fr3 (β​-carboline alkaloids), Fr4 (common amide 
alkaloids, macaridines), Fr5 (mainly imidazole alkaloids, macamides, macaenes), Fr6 (macamides).

Among them, 30 compounds were identified unambiguously by comparing with the retention time and MS 
data of reference standards. The other 130 constituents were deduced by their collision induced dissociation 
pathways together with literatures. Alkaloids, glucosinolates and macaenes were the major chemical ingredients 
of Maca.

Identification of alkaloids in Maca.  Macamides, common amide alkaloids, macaridines, β​-carboline alkaloids 
and imidazole alkaloids were five subtypes of characteristic alkaloids in Maca. As we knew, alkaloids always pre-
sented high sensetivity in the positive ion mode. Totally, 121 unknown alkaloids were identified.

A54 and A32 were two representatives of macamides, the fragmentation patterns of which were shown 
in Figs 2 and 3 respectively. In the MS/MS analysis of them, the diagnostic fragments of A54 at m/z 268.2633 
(C17H33NO) and 239.2368 (C16H30O) were yielded by neutral loss of phenyl group and the cleavage of amide bond 
respectively. The fragment ions of A32 at m/z 290.2116 (C19H31NO) and 261.2214 (C18H28O) were produced by 

Figure 1.  The total ion chromatogram (TIC) of Maca. 
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losing N-3-methoxyl phenyl group and the cleavage of amide bond respectively. The further loss of H2O groups 
from C16H30O of A54 and C18H28O of A32 yielded the product ions at m/z 221.2265 (C16H28) and m/z 243.2093 
(C18H26). Successively, the loss of CH2 groups was also monitored in the further MS/MS fragmentations. The 
MS/MS spectra of A32 and A54 were shown in Figures S1 and S2 separately. Compound A58 (tR =​ 63.83 min) 
and A55 (tR =​ 62.23 min) gave [M +​ H]+ ions at m/z 360.3256 (C24H42NO) and m/z 402.3363 (C26H44NO2) in 
the full mass spectra. In their MS/MS experiments, the fragment ions of A58 at m/z 282.2792 (C18H36NO) and 
253.2419 (C17H33O) were produced by neutral loss of phenyl group and the cleavage of amide bond respec-
tively. Similarly, the fragment ions of A55 at m/z 294.2792 (C19H36NO) and 265.2526 (C18H33O) were yielded by 
losing N-3-methoxyl phenyl group and the cleavage of amide bond respectively. The fragment at m/z 235.2419 
(C17H31) of A58 and the fragment at m/z 247.2421 (C18H31) of A55 were generated by the splitting of H2O after 
the cleavage of amide bond. The successive loss of CH2 groups was monitored in the further dissociation. 
The benzene ions were also detected in the MS/MS analysis of two compounds. Thus, A58 and A55 were iden-
tified as N-benzylheptadecanamide (Figure S3) and N-(3-methoxybenzyl)-(9Z)-octadecenamid e (Figure S4). 
Furthermore, 64 macamides and common alkaloids (A1-A64) were deduced according to similar fragmentation 
pathways (Table S1).

Figure 2.  The fragmentation patterns of N-benzylhexadecanamide (No. A54). 

Figure 3.  The fragmentation patterns of N-(3-methoxybenzyl)-(9Z, 12Z, 15Z)-octadecatrienamide (No. A32). 
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As for macaridines, A66 showed [M +​ H]+ ion at m/z 216.1019 (C13H14NO2) in the full mass spectrum. The 
fragmentation pattern of A66 was shown in Fig. 4. The [M +​ H-H2O]+ ion at m/z 198.0915 (C13H14NO) was firstly 
determined in the MS/MS experiment. The further neutral loss of CO group generated the fragment ion at m/z 
170.0965 (C7H10NO2). And the fragment ion at m/z 91.0541 (C7H7) was yielded by losing C5H5N group.

The ESI-MS spectrum of A65 (tR =​ 24.33 min) showed a [M +​ H]+ ion at m/z 218.1175 (C13H16NO2). 
The loss of H2O group yielded [M +​ H-H2O]+ ion at m/z 200.1279 (C13H14NO). The [M +​ H-C6H5]+ and 
[M +​ H-C6H9NO2]+ ions at m/z 140.0708 ions (C7H10NO2) and 91.0541 (C7H7) were found in the MS/MS spec-
trum, indicating that the further neutral loss of phenyl group and the existence of benzyl group. Thus, A65 was 
deduced as 3-benzyl-1, 2-dihydro-N-hydroxypyridine-4-methoxy (Figure S5). The other 2 macaridines (A66, A67) 
were identified following the same dissociation pathways (Table S2).

Besides, the MS dissociation of some characteristic β​-carboline alkaloids and imidazole alkaloids such as 
(1 R, 3 S)-1-methyltetrahydro-β​-carboline-3-carboxylic acid (A110) and 1, 3-dibenzyl-4, 5-dimethylimidazolium 
(A82) were investigated as well. A82 showed the representative fragments [M +​ H-benzyl]+ and [benzyl]+ at m/z 
185.1075 and m/z 91.0541 according to the literature22. In line with the mass data and literatures23,24, the cleavage 
of NH3, C2H2, C2O2, C2H4 and CH2 groups from the precursor ion of A110 was detected.

In the MS/MS analysis of A84 (tR =​ 28.84 min), the [M +​ H]+ ion at m/z 305.2011 (C21H25N2) was detected. The 
[M +​ H-C7H7]+ and C7H7

+ ions were also found at m/z 213.1390 (C14H17N2) and 91.0542 (C7H7). Besides, two 
fragments at m/z 199.12318 (C13H15N2) and m/z 185.1074 (C12H13N2) were assigned as the successive loss of CH2 
moieties. All the fragmentation pattern of A84 revealed itself to be 1, 3-dibenzyl-2-ethyl-4, 5-dimethylimidazilium 
(Figure S6). The MS behaviors of 38 imidazole alkaloids (A68-A105) were in line with that of A84 (Table S3).

The ESI-MS spectrum of A111 (tR =​ 18.21 min) showed a [M +​ H]+ ion at m/z 245.1284 (C14H17N2O2). 
In the MS/MS fragmentation, [M +​ H-H2O]+ ion at m/z 227.1177 (C14H15N2O) was detected. Another 
two fragments at m/z 167.0813 (C8H11N2O2) and m/z 153.0658 (C7H9N2O2) were generated from the neu-
ral loss of phenyl and benzyl group from [M +​ H]+ ion respectively, which suggested that A111 was (1R, 
3S)-1-ethyltetrahydro-β​-5,6-carboline-3-carboxylic acid (Figure S7). Sixteen β​-carboline alkaloids (A106-A121) 
were also assigned following the same dissociation pathways (Table S4).

Identification of glucosinolates and acids in Maca.  Glucosinolates and acids displayed the [M-H]− ions 
with sufficient abundance in the negative ion mode. In agreement with literatures, the cleavage of SO3, glu-
cose, C8H7ON, C8H7NS, C6H12O5S and H2O groups was detected in the MS/MS spectra25,26. Take G5 as a ref-
erence compound for example (Fig. 5), the ESI-MS spectrum of G5 (tR =​ 14.96 min) showed a [M-H]− ion at 
m/z 408.0423 (C14H19O9NS2). The [M-H-C7H7-N =​ C =​ S]− ion at m/z 259.0124 (C6H12O9S) was observed in 
the MS/MS experiment. The further loss of H2O from this obtained ion at m/z 241.0020 (C6H10O8S) and the 
[M-H-C7H7-N =​ C =​ O]− ion at m/z 274.9896 (C6H12O8S2) were detected as well. All these three aforementioned 
ions were formed through intramolecular rearrangements, in which the sulfate group was transferred to the 
thioglucose moiety. Moreover, the ion at m/z 212.0020 (C8H7O4NS) was deduced as the loss of the D-thioglucose 
group from [M-H]− ion. The other two fragments at m/z 328.0852 (C14H19O6NS) and 166.0331 (C8H7ONS) were 
assigned as the loss of SO3 (80 Da) and further loss of glucose26. Additionally, the loss of H2O group was consid-
ered as the representative fragmentation pathway in acids (Table S5).

In the negative ion mode, 14 glucosinolates (Table S6) were detected and identified. Among them, 3 glucosi-
nolates (G3, G5, G8) and 5 acids (C1-C5) were isolated and characterized as reference standards.

G11 (tR =​ 21.30 min) was a classical compound with dominant amount, which showed [M-H]− ion at m/z 
450.0504 (C16H20O10NS2). The MS/MS spectrum produced [M-H-Glc]− ion at m/z 287.0550 (C10H9O5NS2). The 
[M-H-SO3]− ion at m/z 370.0949 (C16H20O7NS) and the [M-H-C8H7ON]− ion at m/z 316.9993 (C8H13O9S2) were 
also found. The cleavages of C8H7NS from [M-H]− ion was detected at m/z 301.0225 (C8H13O10S). The further 
loss of H2O group generated the fragment at m/z 283.0117 (C8H11O9S). Meanwhile, the [M-H-C8H12O5S]− and 
[M-H-C8H12O5S-H2O]− fragments at m/z 230.0121 (C8H8O5NS) and m/z 212.0017 (C8H6O4NS) were also 
observed. The product ion at m/z 166.0328 (C8H8ONS) were attributable to the breakage of C8H12O6 group from 
C16H20O7NS. All of the fragmentation patterns revealed G11 as acetyl-benzylglucosinolate (Figure S8).

Identification of macaenes in Maca.  As reported before, macaenes were also the characteristic compounds from 
Maca27. In the present study, 11 macaenes were observed in the positive ion mode, among of which, 5-oxo-6E, 
8E-octadecadienoic acid (M7) has high content. M7 demonstrated obvious fragments at m/z 277.2165 and m/z 
259.2059, indicating the continuous loss of 2H2O groups.

Figure 4.  Proposed fragmentation pathways of 3-benzyl-1,2-dihydro-N-hydroxypyridine-4-carbaldehyde 
(No. A66). 
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M9 (tR =​ 53.02 min) exhibited [M +​ H]+ ion at m/z 309.2418 (C19H33O3) in full scan mass spectrum. Its MS/
MS spectrum presented [M +​ H-H2O]+ fragment at m/z 291.2321 (C19H31O2). The fragments of this obtained 
ion at m/z 277.2161 (C18H29O2) and m/z 153.0911 (C9H13O2) indicated the loss of CH2 and C10H18 groups respec-
tively. The fragment at m/z 125.0962 (C8H13O) was assigned as the cleavage of CO from C9H13O2 group. In addi-
tion, the product ion at m/z 185.1174 (C10H17O3) was detected clearly, which was attributed as the loss of C9H16 
group from [M +​ H]+ ion. Consequently, M9 was putatively characterized as 5-oxo-6E, 8E-nineteencadienoic acid 
(Figure S9). The MS behaviors of M1-M11 were in line with that of M9 (Table S7).

Identification of other compounds in Maca.  Nine other compounds were detected and identified including flavo-
noids, organic esters, pyridine and benzylcyanide constitutes (Table S8). For example, O6 showed the loss of C2H4, 
C3H6, and C9H10O2 clearly in the MS/MS spectrum, which was in accordance with Licochalcone A28.

Quantitative analysis of samples.  Ion polarity switching mode was adopted in the quantitative analysis. 
Glucosinolates and acids were determined in the negative ion mode, while others were detected in the positive 
ion mode.

Figure 5.  The fragmentation patterns of benzylglucosinolate (No. G5). 
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Method validation.  Linearity of calibration curves, limit of detection (LOD) and limit of quantification 
(LOQ).  The internal standard method was employed to calculate the contents of 15 compounds in Maca. The 
standard solutions with internal standard were diluted with methanol to six different concentrations for the con-
struction of calibration curves. The ratio of peak area to internal standard (Yi/Ys) of each analyte was plotted 
against the injection concentration (X, ng.mL−1). All the calibration curves indicated good linearity with deter-
mination coefficients (r) from 0.9951 to 0.9998. The limits of detection (LOD) and the limits of quantification 
(LOQ) were evaluated at a signal-to-noise ratio (S/N) of 3/1 and 10/1 respectively. The parameters of LOD and 
LOQ for each constituent in this experiment were from 0.05~164.95 ng.mL−1 and 0.05~824.74 ng.mL−1 (shown 
in Table 1 29,30).

Precision, stability and repeatability.  The intra-day and inter-day precisions of the present method were calcu-
lated by analyzing the standard solution under the optimized experimental conditions. The RSD values of them 
were 0.41%~2.46% and 0.43%~2.71%. The RSD values of stability of each constituent in 48 hours at room temper-
ature (n =​ 6) were 1.01%~2.84%. Furthermore, the sample solutions for Maca were prepared in parallel (n =​ 6) to 
evaluate the repeatability and achieved the RSD of 1.02%~2.63% (Table S9).

Recovery.  The recovery was used to evaluate the accuracy of the method. Nine copies of 1 g Maca were 
taken for recovery test. The mixed standard solutions of 15 constituents were added according to three lev-
els (1:0.8, 1:1, 1:1.2) respectively. The mixtures were treated as the preparation procedure of sample and ana-
lyzed using the method described above. Recovery (R) was calculated as R =​ 100 (Mmeasured−​Minitial)/
Madded (Mmeasured =​ measured amount in the recovery sample, Minitial =​ initial amount in the sample, 
Madded =​ amount in the standard solution used) for each compound. The average recovery rate of each constit-
uent was 96.27%~98.89%, with the RSD values from 0.60% to 3.11% (Table S10), which met the requirements for 
the determination of 15 constituents in Maca.

Analysis of samples.  This validated UHPLC-ESI-QqQ MS method was used for the quantification analysis of 15 
constituents in 17 batches of Maca under the DMRM mode (Fig. 6). The analysis time was shortened to 15 min-
utes. Each constituent was calculated by their respective calibration curve, and the quantification results were 
shown in Table 2.

15 markers were identified unambiguously by comparing the retention times and transitions in DMRM mode 
of reference standards. Two internal standards were employed to guarantee the accuracy of determination. The 
polarity switching mode of QqQ MS was used to achieve the highest response intensities of each constituent. The 
quantification of Licochalcone A and 3-benzyl-1, 2-dihydro-N-hydroxypyridine-4-carbaldehyde was investigated 
as well, which were two representative constituents but with low contents in Maca.

The total amounts of investigated 15 compounds in Maca varied from 1.20% to 8.12%. Among them, glucosi-
nolates (10.97~79.84 mg.g−1) and alkaloids (0.54~2.99 mg.g−1) were the predominant constituents. The contents 
of glucosinolates were significantly more than the other markers.

Significant variations were observed in different alkaloids. The contents of macamides were the highest with 
the amounts from 0.54 to 2.95 mg.g−1. Macamides were reported as one of the important secondary metabo-
lites of Maca with neuroprotective, anti-fatigue, improving fertility and sexual functions effects. What’s more, 
β​-carboline alkaloids (A121) and macaridines (A66, A67) were also detected in present analysis, the contents of 
which were 0~1.6 mg.g−1 and 1.47~72.61 mg.g−1. β​-carboline alkaloids displayed neuroprotective effect24.

In general, glucosinolates and β​-carboline alkaloids in the samples from Peru were higher than those culti-
vated in China. However, the contents of organic acids, macaridines, common amide alkaloids, macamides in 

Compounds
Regression 
equations

Linear ranges 
(μg.mL−1)

Correlation 
coefficients/r

Detection Limits 
(ng.mL−1)

Quantification Limits 
(ng.mL−1)

G5 y =​ 0.98x +​ 0.40 13.14~2628.87 0.9952 26.29 262.89

G3 y =​ 5.43x +​ 7.39e−5 0.93~186.43 0.9997 18.64 186.43

G8 y =​ 5.63x +​ 2.07e−3 0.24~23.80 0.9998 118.99 237.97

A52 y =​ 0.21x +​ 0.10 2.39~478.52 0.9990 4.79 4.79

A8 y =​ 8.67x +​ 0.40 0.18~35.14 0.9964 0.35 0.35

A54 y =​ 1.14x +​ 5.67 1.92~384.88 0.9951 3.85 3.85

O6 y =​ 1.02x +​ 7.15e−3 5.65e−2~11.30 0.9989 0.11 0.11

A66 y =​ 1.99x +​ 0.16 0.30~60.14 0.9956 0.60 0.60

A67 y =​ 0.62x +​ 2.83e−2 0.22~43.64 0.9960 0.44 4.36

A5 y =​ 1.44x +​ 0.24 0.45~90.38 0.9954 0.90 0.90

A4 y =​ 3.67x +​ 6.86e−2 0.13~26.29 0.9985 0.26 0.26

C3 y =​ 0.83x +​ 1.28e−2 0.72~1433.68 0.9974 143.37 286.74

C5 y =​ 2.32x +​ 1.78e−3 0.82~8.25 0.9957 164.95 824.74

A121 y =​ 3.42x +​ 1.68e−2 2.46e−2~4.91 0.9981 0.05 0.05

O9 y =​ 1.38x +​ 5.48e−2 0.18~36.08 0.9985 0.36 0.36

Table 1.   Linear equation, linear range, correlation coefficient and detection limits of 15 constituents.
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Maca from China were higher than or similar to that from Peru. The results indicated that Maca cultivated in 
China especially in Yunnan province could be used as the potential substitute.

Among the Chinese samples, the contents of secondary metabolites in Yunnan province (Sample 7-Sample 17)  
were higher than those from the other two origins. The contents of effective constitutes in the samples from 
Xinjiang province (Sample1and Sample 2) were relatively lower. Generally, the content tendency of different types 
constitutes in Maca was similar to each other. Glucosinolates (G3, G5, G8) and macamides (A52, A54) presented 
large amount (glucosinolates were 8~89 times than macamides), followed by organic acids (C3, C5), macaridines 
(A66, A67), common amide alkaloids (A4, A5), Licochalcone A (O6).

In addition, Maca was always classified according to different hypocotyls colors in the market. In present 
study, a yellow and a purple Maca samples from the same growing environment and growth cycle were included 
in the analysis. Interestingly, the content of glucosinolates in 15 yellow Maca samples (Samples 1–5. 8–17) was 
higher than that in 2 purple Maca samples (Samples 6–7). However, from the data we collected, the types and 
contents of ingredients in purple and yellow Maca samples had no significant difference with each other, which 
was also in accordance with the literature31. Accurately, the geographical origin played a more important role than 
color. The results indicated that the contents of secondary metabolites in yellow Maca was in line with those in 
purple Maca generally. The quality discrepancy of them was not as significant as propagandized in market.

Also, the main components in different parts of Maca (roots and up-ground parts) were studied preliminary 
as well. The contents of active ingredients in the roots were higher than those in leaves. Three experimental sam-
ples were collected from the same Maca plant (Sample 12 and Leaves of Maca). To the best of our knowledge, 
in the biosynthetic pathways of macamides, benzylglucosinolate, free linoleic and linolenic acids, benzyl isothi-
ocyanate and benzylamine were direct or indirect precursors32,33. The accumulation of macamides was signifi-
cantly associated with the contents of fatty acid and benzylamine. Thus, one of the important quality criterions 
of Maca was the levels of macamides and glucosinolates. In present study, both of them were higher in roots than 
those in leaves. The up-ground parts were regarded as the potential resources for the enrichment of the effective 
macamides.

In the cultivation of Maca, the harvest time, longitude and altitude affected its quality greatly. The present 
investigation provided a valuable strategy for the quality evaluation of Maca from their chemical profiling no 
matter the samples from different regions and varieties.

Neuroprotective effect screening of active fractions and pure compounds.  Although, Maca has 
displayed the neuroprotective activity both in vivo and in vitro, its corresponding bioactive components and 
possible mechanism were still not clearly8,9,34. In present study, the zebrafish embryos were treated with MPTP to 
form the DA neuronal loss model, which was always used for the neuroprotective evaluation. The DA neuronal 
loss site of zebrafish was located in the ventral diencephalic clusters (indicated by red brackets) (Fig. 7). As a 
result, by compared with the controls, MPTP model group resulted in 70% reduction of TH-positive neurons in 
the diencephalic area of the zebrafish embryo. The total Maca methanol extract displayed neuroprotective effect 
against MPTP-induced toxicity in zebrafish. Then, the activity evaluation of 6 fractions enriched by ODS column 
and 2 pure compounds was examined. The fractions and pure compounds were able to inhibit DA neuron loss 
by approximately 30~60% compared with the MPTP group. Consequently, Fr4-Fr6 could increase the amount of 
dopamine neurons in different degrees with dose-dependent effect, especially for 80% methanol elution fraction 
(Fr5) (Fig. 8). However, Fr1-Fr3 showed no or little corresponding neuroprotective effects. The LC-MS chromato-
grams of Fr4-Fr6 were shown in Figures S10–S12.

N-benzylhexadecanamide (A54) and N-acetylbenzylamine (A5) were two important active secondary metab-
olites in Maca with higher abundance. Because of their relative higher contents, A5 and A54 were easily to be iso-
lated from the plant. Thus, A5 and A54 were chosen as the representative ingredients for the neuroprotective effect 

Figure 6.  The MRM chromatogram of mixed compounds (15 markers and 2 internal standards). 1.C3;2.C5;
3G8;4.G5;5.G3;6.A4;7.A5;8.A66;9.A67;10.A8;11.A121; 12.O6;13.O9; 14.A52; 15.A54. (A) 1–5: negative-DMRM node; 
(B). 6–15: positive-DMRM mode.
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evaluation. Combination with chemical profiling analysis, common alkaloids and macaridines were predominant 
constitutes in 50% methanol elution fraction (Fr4). 80% methanol elution fraction (Fr5) mainly contained imi-
dazole alkaloids, macamides and macaenes. Macamides were also observed in 100% methanol elution fraction 
(Fr6). Interestingly, both Fr5 and Fr6 contained N-benzylhexadecanamide (A54) with high abundance. Therefore, 
A54 was selected as the representative pure compound for the effective confirmatory experiment. As the results, 
at the dose of 30 and 10 μ​g mL−1, A54 could significantly prevented the MPTP-induced decrease in TH+ region 
area, and showed neuroprotective actions in a dose-dependent manner. Meanwhile, N-acetylbenzylamine (A5) 
demonstrated noteworthy protections against MPTP-induced toxicity with dose-dependent manner, which was 
the major constituent in Fr4 fraction. The results were in accordance with the neuroprotective properties of the 
pentane extract of Maca reported before. Macamides, a class of benzylated and 3-methoxylbenzylated alkamides, 
were identified as the major characteristic effective compounds of Maca35. Because of its excellent solubility 
profile, macamides could act on the endocannabinoid system and showed fatty acid amide hydrolase (FAAH) 

Compounds 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Leaves 

of Maca

G5 1.35e4 7.29e4 1.35e4 4.43e4 1.19e4 6.77e4 3.72e4 6.87e4 4.90e4 4.56e4 1.05e4 3.35e4 4.15e4 6.64e4 4.66e4 2.37e4 7.46e4 1.67e4

G3 3.21e3 4.30e3 2.59e3 1.61e3 6.87e2 2.50e3 1.44e3 3.16e3 1.76e3 2.02e3 4.24e2 1.20e3 1.80e3 3.17e3 1.37e3 9.30e2 4.15e3 6.28e2

G8 50.39 646.70 612.04 282.16 104.27 455.12 371.59 576.75 496.56 400.90 90.58 309.11 368.97 1.13 e3 418.06 433.26 1.04 e3 220.77

A52 955.27 1.00 e3 1.01 e3 317.23 487.52 864.58 920.38 1.92 e3 1.01 e3 1.58 e3 483.78 830.26 1.33 e3 1.59 e3 366.69 2.21 e3 778.60 257.88

A8 2.26 1.52 2.48 — 0.81 — 12.07 0 0.95 1.03 1.21 1.39 1.01 — 0.88 1.42 1.54 1.47

A54 918.95 397.09 518.27 234.68 232.52 661.36 413.40 369.04 337.46 496.81 352.89 287.28 482.69 591.76 167.21 685.48 349.95 96.85

O6 0.32 — 0.32 — 0.28 — — 0.40 — — — — — 0.29 — 0.89 — —

A66 82.83 10.27 43.34 3.30 32.87 50.48 7.92 8.42 8.59 28.07 40.67 10.61 20.72 10.15 1.47 31.80 5.77 —

A67 12.81 2.56 8.41 — 9.48 11.15 2.25 2.29 2.71 9.01 12.76 3.40 7.08 2.29 — 12.04 1.65 —

A5 40.24 11.03 29.63 3.50 21.47 19.62 18.88 24.98 19.81 20.37 8.64 9.96 37.05 53.40 3.39 44.95 5.39 14.96

A4 25.13 27.59 16.06 0.10 8.00 52.99 4.40 12.89 5.51 3.37 10.28 9.11 2.30 6.71 3.66 3.42 14.19 0.69

C3 23.30 6.62 35.38 — 20.74 16.47 10.46 9.16 7.01 11.59 7.85 6.38 6.37 29.73 5.68 20.05 13.50 18.39

C5 78.85 35.08 143.64 21.92 124.84 187.08 67.09 90.60 43.11 144.54 72.13 66.90 60.85 101.40 86.34 206.56 237.07 595.44

A121 0.19 0.13 0.51 — 1.60 1.01 — 0.32 — 0.22 0.58 — 0.14 0.43 — 0.26 0.25 0.13

O9 3.51 2.60 2.42 1.16 4.12 2.65 2.61 3.76 2.45 2.54 2.80 2.13 3.03 3.86 0.99 2.05 2.94 —

Table 2.   The contents of 15 compounds in 17 samples of Maca (μg.g−1, n = 3).

Figure 7.  Representative pictures of Maca fractions and pure compounds against the dopaminergic 
neuron loss treated with MPTP in Zebrafish. DA neurons were examined in zebrafish by whole-mount 
immunostaining with an antibody against TH, the rate-determining enzyme involved in the synthesis of DA. 
Thus, TH+ neurons in the diencephalic area of the zebrafish brain were considered as DA neurons.
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inhibitory activities5. In present study, A54 also showed dose-dependent neuroprotective effect by restoring dopa-
minergic neuronal loss. The results inspired that Maca was available for the impairment of the endocannabinoid 
system in dopaminergic neurons, which was closely related to a serious of neurodegenerative diseases, such as 
Alzheimer’s disease, Parkinson’s disease and so on. Additional studies of macamides should be carried out on the 
mechanism of FAAH inhibition involving the endocannabinoid system36. Further, macaridines, imidazole alka-
loids and macaenes in Maca also should be concerned. Additionally, the results also demonstrated that zebrafish 
could be useful for the neuroprotective activity evaluation. The brain of zebrafish embryonic contained clusters 
of dopaminergic with the characteristics of inexpensive, low-maintenance and abundantly produce offspring. 
Furthermore, a significant inherent advantage was its transparency. Therefore, zebrafish could provide invaluable 
insights for large scale screening, drug discovery, modeling behavioral and functional parameters of neurodegen-
eration disorders and preclinical treatments37–43.

Parkinson’s disease (PD) was a progressive neurodegenerative disorder characterized by the selective loss 
of nigral dopaminergic neurons and a reduction in striatal dopaminergic fibers44. MPTP was metabolized to 
MPP+, which generated a similar loss of dopaminergic neurons with corresponding Parkinsonian symptoms45. 
Thus, we used zebrafish treated with MPTP as the neuronal loss model. Meanwhile, as reported in patients with 
Parkinson’s disease, both the dopaminergic and cholinergic systems underwent degeneration, which led to defi-
cits in dopamine and acetylcholine at synapses. As for the cholinergic system, MPTP also decreased the gene 
expression of choline acetyltransferase (ChAT) while increased the expression of acetylcholinesterase (AChE)46. 
In present study, we attempted to bring new evidence supporting the potential neuroprotective action of Maca 
in PD, focusing on the interaction between dopaminergic and cholinergic systems. Dopamine was supposed to 
possess modulatory effect in cholinergic transmission, which played a critical role in modulating cortical cholin-
ergic activity by GABAergic intracortical circuits46. And the dopaminergic system might be dysfunctional in AD, 
which was possibly generated by the disrupting of the cholinergic system47,48. Thus, after the evaluation of Maca 
on dopamine neuronal loss model in zebrafish by the method of anti-tyrosine hydroxylase (TH) whole-mount 
immunostaining, the AChE and BuChE inhibition activities of 6 fractions and pure compound were carried out. 
Collectively, these findings indicated that Maca showed neuroprotective activity through the synergistic effect of 
dopaminergic system and cholinergic system, which needed to be further validation.

Another important reason for the analysis of AChE and BuChE inhibition was from the structures of the neu-
roprotective chemicals. As we all know, the structural similarities of endocannabinoids and macamides indicated 
their potential neuroprotection effects. The purified macamides or its synthetic derivatives suggested highly pos-
sible activities on the endocannabinoid system49. As we knew, the impairment of the endocannabinoid system in 
dopaminergic neurons would result in many neurological and psychiatric disorders such as Alzheimer’s disease, 
Parkinson’s disease, depression and schizophrenia50,51. Meanwhile, dual FAAH/ChE inhibitors, with well-balanced 
nanomolar activities might be considered as new promising candidates for Alzheimer’s disease treatment, which 
also suggested the close relationship between endocannabinoid system and cholinergic system52. This possible col-
laboration between cholinergic and dopaminergic neurotransmission in the midbrain raised the possibility of tar-
geting both systems simultaneously to treat PD and AD in the future. Therefore, the preliminary analysis of AChE 
and BuChE were included in the manuscript. The in vitro AChE and BuChE inhibition assays showed (Table 3) that 
Fr4 (IC50 =​ 50.78 μg.mL−1), Fr5 (IC50 =​ 5.37 μ​g.mL−1) and Fr6 (IC50 =​ 15.77 μg.mL−1) displayed significant AChE 
inhibitory activity. Similarly, Fr4 (IC50 =​ 45.11 μ​g.mL−1), Fr5 (IC50 =​ 5.41 μg.mL−1) and Fr6 (IC50 =​ 23.39 μg.mL−1)  
showed significant BuChE inhibitory activity. The results were in accordance with those in vivo experiments. As 
the mutual constitute in Fr5 and Fr6, N-benzylhexadecanamide (A54) was selected to validate this mechanism 
as pure compound, which also displayed high AChE (IC50 =​ 14.23 μg.mL−1) and BuChE (IC50 =​ 17.54 μ​g.mL−1) 
inhibitory activities. What’s more, A54 were reported as dual AChE/BuChE inhibitors without remarkable side 
effects53–55. In conclusion, Fr5 and macamides produced the healing efficacy by increasing the acetylcholine and 
butyrylcholine level in brain.

Figure 8.  The quantitative results of Maca fractions and pure compounds against the dopaminergic neuron 
loss treated with MPTP in Zebrafish. Quantitative analysis of TH +​ neurons in zebrafish brain. Data are 
expressed as a percentage of the control group. Each bar represents mean ±​ SD. #p <​ 0.05 vs. the control group; 
*p <​ 0.05 vs. and **p <​ 0.01 vs. the MPTP-treated group.
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Conclusions
In this paper, a high sensitive and efficient strategy for the integrating quality control of Maca was established. 
Alkaloids, glucosinolates, and macaenes were detected as the predominant secondary metabolites in this plant. 
Among them, five types of alkaloids were observed, including macamides, imidazole alkaloids, macaridine, 
β​-carboline alkaloids and common amide alkaloids. According to the quantitative analysis of 15 major chemical 
markers in Maca, the contents variety of different origins, crust colors and different parts of plant were clarified. 
Meanwhile, the neuroprotective effects of 6 fractions against MPTP induced neurotoxicity zebrafish model were 
examined. 80% methanol elution fraction (Fr5) and 100% methanol elution fraction (Fr6) were regarded as the 
most effective neuroprotective parts. Both of these two parts contained macamides. The verification test by pure 
compounds also proved that alkaloids were the neuroprotective constituents in Maca. The inhibition of AChE and 
BuChE was one of the possible mechanisms. These findings suggested that Maca was a valuable health care food 
for the neurodegeneration disease such as Alzheimer Disease, Parkinson’s desease and so on.

Methods
Chemicals and Reagents.  Methanol for extraction was obtained from Honeywell Burdick and Jackson 
(Swedesboro, NJ, USA). HPLC grade acetonitrile was purchased from Merck Company (Rahway, NJ, USA). HPLC 
grade formic acid was provided by ROE Scientific Inc. (Delaware, USA). MPTP, Dimethyl Sulphoxide (DMSO), 
Trizma, 5,5′​-Dithiobis (2-nitro-benzoic acid), Acetylthiocholine iodide (ATCI), AChE from Electophorus elec-
tricus electric eel Type VI-S (AChE), S-Butyrylthiocholine iodide (BTCI), BuChE from equine serum (BuChE), 
Physostigmine (eserine) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals and 
reagents were of high analytical grade.

The reference standards were isolated and purified by authors, including m-methoxybenzylglucosinolate(G3), 
benzylglucosinolate(G5), p-hydroxybenzylglucosinolate(G8), N-(3-methoxybenzyl)-hexadecanamid
e(A52), N-benzylbenzamide(A8), N-benzylhexadecanamide(A54), LicochalconeA(O6), 3-benzyl-1,2
-dihydro-N-hydroxypyridine-4-carbaldehyde(A66), (3-methoxybenzyl)–N-pyridine-4-carbaldehyde(A67), 
N-acetylbenzylamine (A5), 2-phenylacetamide(A4), Nicotinic acid(C3), Succinic acid(C5), (1R, 
3S)-1-methyl-β​-carboline-3-carbaldehyde(A121), Dibutyl phthalate(O9). Silica gel, RP-C18 (200–300 mesh, 
Qingdao Marine Chemical Factory, Qingdao, China), sephadex LH-20 column chromatography and preparation 
liquid chromatography were used in the isolation. Their structures were identified by MS, NMR and UV spec-
tra (Figure S13). 4-Aminohippuric acid (IS1), Evodiamine(IS2) were employed as the internal standards, which 
were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, 
China). The purities of all the reference standards were over 95%.

UHPLC-ESI-Orbitrap MS analysis and UHPLC-ESI-QqQ MS analysis.  Preparation of samples solu-
tions.  3 g powder of Maca was extracted under ultrasonic in 30 mL methanol for 30 min. After centrifugation at 
12000 g for 10 min, the supernatant was condensed to 2 mL, and applied to an Octadecylsilyl gel column (ODS, 
200 mL, 3.5 cm ×​ 60 cm) eluted with 5%, 10%, 30%, 50%, 80%, 100% (800 mL) methanol. Each 800 mL of the elu-
tion was collected as one fraction56. All the 6 fractions (Fr1-Fr6) were analyzed by LC-MS/MS and employed for 
neuroprotective evaluation of Maca.

Maca samples (fine powder) from different places (Table S11) were weighed 1 g and dissolved in 5 mL metha-
nol. After ultrasonic extraction for 30 min, the samples were centrifuged at 12000 g for 10 min. Then the superna-
tant of each sample was transferred to a clean test tube.

Preparation of standard solutions.  The 15 reference standards were dissolved in HPLC grade methanol to achieve 
a stock solution with concentration of 1.0 mg.mL−1 for each compound respectively, then added corresponding 
volume according to their proportions in the sample and mixed. An internal standard stock solution was also 
prepared in a concentration of 0.92 mg.mL−1 for IS1 and 2.49 mg.mL−1 for IS2. The standard stock solutions were 
kept at 4 °C before analysis.

Analytical conditions.  In qualitative analysis, the assay was performed using an ultimate 3000 hyper-
baric liquid chromatography system coupled to a LTQ Orbitrap mass spectrometer via an ESI interface. The 

NO. Samples
Acetylcholinesterase inhibition 

assay IC50 (μg.mL−1)
Butyrylcholinesterase inhibition 

assay IC50 (μg.mL−1)

0 Standard (eserin) 0.46 0.58

1 Total methanol extract 100.43 42.25*

2 Fr1 466.83 318.42

3 Fr2 663 281.68

4 Fr3 169.83 233.16

5 Fr4 50.78* 45.11*

6 Fr5 5.37** 5.41**

7 Fr6 15.77** 23.39**

8 A54 14.23** 17.54**

Table 3.   The results of Acetylcholinesterase and Butyrylcholinesterase inhibition assays of Maca samples. 
*p <​ 0.05 and **p <​ 0.01.
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chromatography system consisted of an autosampler, a diode array detector, a column compartment and two 
pumps. Xcalibur, Metworks and Mass Frontier 7.0 software package were used for data collection and data 
analysis.

Liquid chromatographic separations of the analytes were performed by a Thermo AcclaimTM120 C18 column 
(250 mm ×​ 2.1 mm, 3 μ​m). The mobile phase consisted of 0.1% formic acid in water (solvent A) and acetonitrile 
(solvent B). The samples were eluted with the following linear gradient: 1% B at 0–5 min, 1–30% B at 5–20 min, 
30–50% B at 20–30 min, 50–70% B at 30–40 min, 70–95% B at 40–60 min, 95% B at 60–80 min. The flow rate was 
0.3 mL min−1. The injection volume was 5 μ​L. The temperature-controlled column oven was set at 30 °C and the 
sampler was set at 4 °C.

The ESI source parameters were as follows: Both positive and negative ionization modes were used in the 
analysis. For positive mode, the capillary temperature was 350 °C, shealth gas (N2) flow rate was 40 psi and aux 
gas flow rate was 10 psi, ion spray voltage was set at 3.5 kv. While for negative mode, the capillary temperature was 
350 °C, shealth gas (N2) flow rate was 35 psi and aux gas flow rate was 10 psi, ion spray voltage was set at −​3.2 kv. 
In the FT cell, full MS scans were acquired in the range of m/z 50–1500 with a mass resolution of 30,000. The MS/
MS and MS3 experiments were set as data dependent scan.

In the quantitative analysis, an Agilent 6490 A triple quadrupole LC-MS system (Agilent Corporation, MA, 
USA) equipped with G1311A quaternary pump, G1322A vacuum degasser, G1329A autosampler and G1316A 
therm was employed.

Chromatography was performed on a Thermo Hypersil Gold-C18 column (2.1 mm ×​ 50 mm, 1.9 μ​m) with the 
column temperature at 30 °C. Mobile phase consisted of water containing 0.2% formic acid (A) and acetonitrile 
(B) and pumped at a flow rate of 0.3 mL.min−1. A gradient program was used as follows: 1% B at 0–1 min, 1–5% 
B at 1–2 min, 5–10% B at 2–4 min, 10–50% B at 4–7 min, 50–90% B at 7–10 min, 90–100% B at 10–13 min, 100% 
B at 13–15 min. The injection volume was 2 μ​L.

Analytes were quantitated by monitoring the precursor-product combination in the DMRM mode using ion 
polarity switching mode. To ensure the desired abundance of each compound, the CE values and other parame-
ters were optimized and illustrated as follows: cycle time, 300 ms; For positive mode, capillary voltage, 3 kv, nozzle 
voltage, 1.5 kv, Delta EMV(+), 200 v. For negative mode, capillary voltage, −​2 kv, nozzle voltage, −​1 kv, Delta 
EMV(−), 200 v. The optimized mass transition ion pairs (m/z) for analytes and the detection of the conditions of 
the compounds were shown in Table 4.

Neuroprotective effect screening of fractions and compounds in Maca.  Stock solutions of MPTP (10 mg.mL−1) 
were made by adding water directly to the bottle. MPTP was diluted in Holtfreter’s solution to achieve final con-
centration of 200 μ​M.

The samples for neuroprotective effect of Maca in zebrafish including total extract, aforementioned 6 fractions 
and two pure compounds (A5, A54) were dissolved in DMSO to get stock solution according to their toxic limit. 
Nomifensine, a dopamine transporter (DAT) inhibitor as positive control, was dissolved in DMSO to get the 
concentration of 3 μ​M. The content of DMSO in solutions was not more than 0.5%.

The neuroprotective effect assessment was performed on zebrafish model treated with 200 μ​M MPTP. 
Wild-type zebrafish embryos (1 days post fertilization (dpf)) were treated with pure compounds or fractionsin 
zebrafish model for 2 days. After treatment, anti-tyrosine hydroxylase (TH) whole-mount immunostaining was 
performed using literature reported method57,58. Zebrafish were fixed in 4% paraformaldehyde in PBS for 5 h, 
rinsed, and stored at −​20 °C in 100% ethanol. Briefly, fixed samples were blocked (2% lamb serum and 0.1% BSA 
in PBST) for 1 h at room temperature. A mouse monoclonal anti-TH antibody (1:200 diluted in blocking buffer, 
MAB318, Millipore) was used as the primary antibody and incubated with the sample overnight at 4 °C. The next 

Compounds
Precursor Ion → Product 

Ion/(m/z) Collision Energy/V

G5 407.8 →​ 74.9; 96.9* 37; 24

G3 437.9 →​ 74.9; 97.0* 34; 34

G8 423.8 →​ 75.0; 96.9* 30; 30

A52 376.2 →​ 121.0*; 238.9 24; 18

A8 212.0 →​ 91.0*; 105.0 30; 12

A54 346.2 →​ 91.0*; 239.1 24; 24

O6 339.0 →​ 121.0*; 297.1 34; 18

A66 216.0 →​ 91.0; 198.0* 37; 6

A67 228.0 →​ 94.0; 200.0 21; 15

A5 150.0 →​ 65.0; 91.0* 46; 18

A4 136.0 →​ 65.0; 91.0* 40; 21

C3 121.9 →​ 50.8; 78.0* 30; 6

C5 116.9 →​ 73.0*; 78.9 6; 6

A121 211.0 →​ 169.0; 193.0* 30; 30

O9 279.1 →​ 149.0*; 205.1 15; 3

Table 4.   Parameters of UHPLC-ESI-QqQ MS analysis for 15 constituents. *Quantitative ion.
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day, samples were washed 6 times with PBST (30 min each wash), followed by incubation with goat anti-mouse 
antibody (1: 500 diluted in blocking buffer, Alexa Fluor®, USA) as secondary antibody for 1 h at room tempera-
ture in the dark. After staining, zebrafish were flat-mounted with 3.5% methylcellulose and photographed.

The experimental results of each fraction and compound were obtained from the three zebrafish statistics. 
Every zebrafish was taken a picture and the gray scale was calculated by IMAGE J software. As a result, represent-
ative pictures of dopaminergic neurons in the zebrafish brain from different treatment groups were selected. TH+ 
neurons in the diencephalic area of the zebrafish brain were considered as DA neurons.

For quantification of neuronal area, the periphery of each cluster was outlined by manually tracing the edge. 
The area (Am2) of each enclosed region was measured, and the subsections were summed to give the total cluster 
area. Origin software (MicroCal Software, Inc.) was used to generate graphs. Statistical significance was obtained 
by performing one-way ANOVA test using SPSS software.

Quantitative analysis of TH+ neurons was examined in each treatment groups. Values were expressed as a 
percentage of the control. #p <​ 0.05 vs. control; *p <​ 0.05 and **p <​ 0.01 vs. MPTP group.

AChE and BuChE inhibition assay.  A modified Elman’s test was performed to investigate the AChE and BuChE 
inhibitory potency of fractions and compounds59. The data was measured in Microtiter plates 96 wells (Sterilin 
Art, No.611F96) and recorded on 1420 multilabel counter (Perkin Elmer, Wallac Victor2). The solutions of 
enzyme (at 2.43 units.mL−1 concentration) were prepared in Trizma buffer (7.09 mg.mL−1, pH 8). The solutions 
of reference (eserin), pure compounds and fractions (20 μ​L each, at 0.025 to 1000 μ​g.mL−1 concentration) in 
DMSO and BuChE/AChE (40 μ​L) were added to buffer (190 μ​L) and incubated at 25 °C for 5 min. DTNB (20 μ​L) 
and acetylthiocholine iodide (ATC) (20 μ​L) were added to enzyme-inhibitor mixture to investigate the reaction. 
The production of yellow anion was determined for 10 min at 405 nm. By using same methodology, similar solu-
tion of enzyme without the inhibitor was processed, which acted as a control. The blank measurement consisted 
of substrate (20 μ​L), DTNB (20 μ​L), DMSO (20 μ​L) and buffer (230 μ​L). The experiment was done triplicate. The 
percentage inhibition was calculated using the following equation:

Inhibition% =​ {(Positive controlA-BlankA)-(SampleA-BlankA)}/(Positive controlA-BlankA)

 A =​ absorption
Results were expressed as mean ±​ SD. Differences among the groups were subjected to a one-way ANOVA 

(analysis of variance) followed by Duncan’s multiple range. Statistical significance was accepted when a p-value 
was less than 0.05.

Ethics statement.  We confirm that all methods were carried out in accordance with relevant guidelines and 
regulations.

We confirm that all experimental protocols were approved by Medicine Ethics Committee in Institute of 
Chinese Materia Medica, China Academy of Chinese Medical Sciences.
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