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ABSTRACT: Ergonovine or ergonovinine was isolated from the aerial parts of endophyte (Neotyphodium gansuense) infected
(E+) drunken horse grass (Achnatherum inebrians), neither of which existed in endophyte-free (E−) plants. Both of these ergot
alkaloids had a cytotoxic effect on animal smooth muscle cells and increased cell growth inhibition with greater concentrations, in
a significantly (P < 0.05) positive correlation. The median inhibitory concentrations (IC50) for ergonovine and ergonovinine
were 71.95 and 72.75 μg/mL, respectively. These results indicate that endophytic ergot alkaloids may be the cause of drunken
horse grass poisoning.
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■ INTRODUCTION

Endophytic fungi that belong to the related genera Epichloe ̈ and
Neotyphodium have been found in many cool-season grasses.1,2

Published studies have focused mainly on the endophytes of
Lolium and Festuca and are associated with increased host
resistance to biotic3−5 and abiotic stresses.6,7

Achnatherum inebrians (Hance) Keng (drunken horse grass)
is a toxic perennial bunchgrass, which is so-named because it is
associated with the narcosis of livestock that graze on native
grasslands in northwestern China,8 especially when forage is in
short supply during the winter and spring. A. inebrians is
distributed mainly throughout the harsh conditions of alpine or
subalpine grasslands within Gansu, Xinjiang Uyghur Autono-
mous Region, Qinghai and Ningxia Hui Autonomous Regions
as well as Inner Mongolia and Tibet.9 This species is usually
infected by the fungal endophyte Neotyphodium gansuense,9,10

which apparently provides drunken horse grass with a strong
competitive advantage by increasing its tolerance to
drought,5,11,12 salt,12 cold,13 heavy metals,14,15 pests,5,16,17 and
pathogenic fungi.5,10

Neotyphodium gansuense-infected (E+) drunken horse grass
has been shown18,19 to contain high levels of the ergot alkaloids
ergonovine and ergine (i.e., lysergic acid amide), compared
with endophyte-free (E−) specimens, and these compounds are
probably the main cause of the aforementioned livestock
narcosis.20 Recently, it has been reported that mowing height of
these plants, as well as cutting frequency, can influence the
concentration of ergot alkaloids.21 It was also found that salt
and drought stresses can also influence levels of these
alkaloids.22

One aim of the present study was to describe the isolation
and structural elucidation of the main ergot alkaloids of E+
drunken horse grass. To further probe the poisoning
mechanism of A. inebrians by the endophyte, an experiment

was carried out to evaluate the cytotoxicity of these ergot
alkaloids on animal smooth muscle cells.

■ MATERIALS AND METHODS
General. NMR spectra were recorded on Bruker AM-400 and

Varian Mercury-600 BB NMR (600 MHz) spectrometers using TMS
as an internal standard in CDCl3. EIMS and FAB-MS were measured
on an HP5988a GC-MS and a VG-ZAB-HS at 70 eV. Column
chromatography was performed on 200−300 mesh silica gel (Qingdao
Marine Chemical Inc., Qingdao, China), 75−150 μm CHP 20P MCI
gel (Mitsubishi Chemical Corp., Tokyo, Japan), and Sephadex LH-20
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Fractions were
monitored by TLC and were visualized by heating the silica gel plates
after being sprayed with 5% H2SO4 in EtOH.

Plant Materials. The aerial parts of A. inebrians were collected
from the field in August 2008. The respective E+ and E− A. inebrians
fields were established in May 2007 at the Yuzhong Campus (YZ)
(104°09′ E, 35°89′ N; elevation = 1653 m) of Lanzhou University,
China. Twenty-four plots (2 treatments × 12 replicates) were
randomly built. The area of the plot was 24 m2 (4 × 6) with 8 lines
of 13 listed (40 cm apart), consisting of 104 plants of each plot.

Extraction and Isolation of Ergot Alkaloid. The air-dried leaves
and stems of A. inebrians (17.4 kg) were ground to pass though a 0.5
mm sieve and then extracted three times (each for 7 days) with 95%
ethanol at room temperature. The resulting 3.75 kg of concentrated
crude extract (fraction 1) was first acidified (pH 2) with hydrochloric
acid (fraction 2), and the insoluble deposit was removed.
Subsequently, the solution was alkalinized (pH 11) with sodium
hydroxide (fraction 3) and extracted into chloroform (fraction 4) and
then n-butyl alcohol (fraction 5). The extracted residue was marked as
fraction 6. Fraction 4 (34.4 g) contained the alkaloids detected by
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TLC. The chloroform extract (fraction 4) was further purified by silica
gel column chromatography (CC; ⌀ 46 × 630 mm, 200−300 mesh,
270 g) and eluted with a step gradient of chloroform/methanol
(100:1, 50:1, 30:1, 20:1, 10:1, 5:1, 2:1, 1:1, 9.7 L), followed by
repeated CC (CHCl3/MeOH, 3:1) on silica gel, Sephadex LH-20, and
preparative TLC. Compound 1 (ergonovinine, 23.2 mg) was produced
by recrystallization and further Sephadex LH-20 CC (CHCl3/MeOH,
1:1). Compound 2 (ergonovine, 17.8 mg) was fully purified and
obtained by repeated CC on silica gel eluted with a step gradient of
chloroform/methanol (20:1, 10:1).
Cytotoxicity Assay of the Ergot Alkaloids. The 96-well

nanoculture plates with a microsquare pattern [NCP-L-MS (96)]
were provided by NUNC Corp. (Roskilde, Denmark).
Vascular smooth muscle cells (VSMC) from cattle (Bos taurus)

were purchased from the Shanghai cell bank of the Chinese Academy
of Sciences and maintained at 35 °C under an atmosphere of 95% air
and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM;
Mediatech, Herndon, VA, USA) containing 10% fetal bovine serum
(FBS), 100 IU/mL penicillin, and 100 μg/mL streptomycin.
The cytotoxicity of the ergot alkaloids was determined by measuring

the cell viability of cultured cells after exposure to different
concentrations of extract from the grass. The cytotoxicity of ergot
alkaloids was assessed according to the methyl thiazolyl tetrazolium
assay (MTT) method.23 To initiate cell culture, VSMC cells were
seeded at a density of 1 × 104 cells/well on a conventional monolayer
96-well plate for expanding propagation. Each of the two ergot
alkaloids (1 mg) was dissolved in 0.1% dimethyl sulfoxide (DMSO)
(10 μL) and then diluted to concentrations of 125, 100, 75, 50, 12.5,
6.25, and 3.175 μg/mL with the medium and filtered using 0.22 μm
syringe filters. These were then added to 24 h cultured cells in 96-well
tissue culture plates. Logarithmic phase VSMC cells with a density of 1
× 105 cells/well were inoculated into 96-well plates for 18 h, and then
the various concentrations of ergot alkaloids were added as the
treatments. Media with 0.1% DMSO in DMEM was used as the blank
group, and the cell cultures without added ergot served as the control,
each treatment being repeated eight times, independently. The cells
were then exposed to different concentrations of the above alkaloids.
The cells in the control wells received medium containing the same
volume of DMSO (0.1%). Twenty-four hours after the incubation, 20
μL of MTT reagent (5 mg/mL in PBS) was added and cells were
incubated for an additional 4 h. The formazan produced by the viable
cells was solubilized by the addition of 100 μL of DMSO. The
suspension was placed on a microvibrator for 15 min, and absorbance
at 490 and 570 nm was quantitated after subsequent addition of MTT
solution and DMSO and was also read using a Versamax + Multiwash
III ELISA reader (Molecular Devices, Sunnyvale, CA, USA). The
experiment was performed three times for each alkaloid concentration

treatment. The percentage of growth inhibition was calculated with
respect to vehicle control using the following formula:

= − − ×A A A Ainhibition rate (%) ( )/ 100%control test control blank

Statistical Analysis. All values are expressed as the mean ± SE.
Analysis of variance (ANOVA) using SPSS software (SPSS 13.0 Inc.,
Chicago, IL, USA) was conducted for the cell inhibition rate that
resulted from various concentrations of the two ergot alkaloids.
Analysis of regression was also carried out between the cell inhibition
rate and concentrations of the ergot alkaloids.

■ RESULTS AND DISCUSSION
Isolation and Identification of the Alkaloids from E+

Plant Compounds. Single-crystal X-ray diffraction for
ergonovinine is shown in Figure 1, and 1H and 13C NMR
spectral data for ergonovine and ergonovinine are shown in the
Supporting Information. Two ergot alkaloids, ergonovinine and
ergonovine, were identified (Figure 2).

Ergonovine (25 mg from 2 kg) and ergonovinine (30 mg
from 7 kg) were first isolated from dry powdered drunken
horse grass, but without studying the biological activity.24

Ergonovine and ergine (i.e., lysergic acid amide) were the major
ergot alkaloids in drunken horse grass from Xinjiang province.18

Previous research also investigated the ergonovine and ergine
levels and their temporal variation within E+ and E− drunken
horse grass grown in Gansu province.19 Furthermore, seven
alkaloids were also detected from drunken horse grass growing
naturally near the Jinqiang River, Tianzhu county, Gansu
province.25 Ergine was reported as the main alkaloid, but we did
not isolate it during this experiment because of its instability

Figure 1. Single-crystal X-ray diffraction analysis for ergonovinine.

Figure 2. Structures of ergonovinine, ergonovine, and ergine and their
C-8 epimers.
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under high temperature. Ren26 first reported that animals
produced symptoms of intoxication after grazing on drunken
horse grass. However, sheep were not significantly intoxi-
cated27,28 when gavaged with drunken horse grass powder,
contrary to equines and rabbits (Oryctolagus cuniculus).29

Research showed that the Neotyphodium endophyte was the
cause of drunken horse grass toxicity in rabbits.20 Recently, it
was also reported that the Neotyphodium endophyte was
apparently responsible for the toxicity of drunken horse grass
on sheep (Ovis aries), which was especially harmful to kidney
and liver function.30

Cytotoxicity of the Two Ergot Alkaloids. Each of the
two ergot alkaloids exhibits cytotoxicity on animal smooth
muscle cells, the cell inhibition rate increasing with alkaloid
concentration in a significantly (P < 0.05) positive correlation
(Figure 3). The regression equations for these two alkaloids

were Yergonovine = 0.0041x + 0.205 (R2 = 0.945, P < 0.05) and
Yergonovinine = 0.0032x + 0.2672 (R2 = 0.9411, P < 0.05). The
median inhibitory concentrations (IC50) for ergonovine and
ergonovinine were 71.95 and 72.75 μg/mL, respectively.
In conclusion, to the best of our knowledge, the present work

represents the first study on the cytotoxic effect on animal
smooth muscle cells of the pure ergot alkaloids isolated from
E+ drunken horse grass. These alkaloids may be the cause of
E+ drunken horse grass poisoning and elicit its clinical
symptoms. The absence of detection of these chemicals could
indicate plants that are safe for grazing animals.

■ ASSOCIATED CONTENT
*S Supporting Information
Tables 1 and 2, 1H NMR and 13C NMR spectroscopy of
ergonovine and ergonovinine. This material is available free of
charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*(Z.N.) Phone: +86 931 8661047. Fax: +86 931 8910979. E-
mail: zhibiao@lzu.edu.cn.
Funding
This research was financially supported by the National Basic
Research Program (973) of China (2014CB138702), the
National Nature Science Foundation of China (30771531),
the Fundamental Research Funds for the Central Universities
(lzujbky-2014-75), and the Program for Changjiang Scholars
and Innovative Research Team in University (IRT13019).

Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) White, J. F. J.; Morgan-Jones, G. Endophyte-host associations in
forage grass. X. Culture studies on some species of Acremonium sect.
albo-lanosa, including a new species A. starrii. Mycotaxon 1987, 30,
87−95.
(2) Schardl, C. L.; Leuchtmann, A. The Epichloe ̈ endophytes of
grasses and the symbiotic continuum. In The Fungal Community, 3rd
ed.; Dighton, J., White, J. F., Oudemans, P., Eds.; CRC Press: Boca
Raton, FL, USA, 2004; pp 475−503.
(3) Faeth, S. H.; Bultman, T. L. Endophytic fungi and interactions
among host plants, herbivores and natural enemies. In Multitrophic
Level Interactions; Tscharnfre, T., Hawkins, B. A., Eds.; Cambridge
University Press: Cambridge, UK, 2002; pp 89−123.
(4) Meister, B.; Krauss, J.; Har̈ri, S. A.; Schneider, M. V.; Müller, C.
B. Fungal endophyte symbionts affect aphid population size by
reduction of adult lifespan and fecundity. Basic Appl. Ecol. 2006, 7,
244−252.
(5) Li, C. J.; Zhang, X. X.; Li, F.; Nan, Z. B.; Schardl, C. L. Disease
and pests resistance of endophyte infected and non-infected drunken
horse grass. In Proceedings of the 6th International Symposium on Fungal
Endophytes of Grasses; Popay, A., Thom, E. R., Eds.; New Zealand
Grassland Association: Dunedin, New Zealand, 2007; pp 111−114.
(6) Malinowski, D. P.; Belesky, D. P.; Lewis, G. C. Abiotic stresses in
endophyte grasses. In Neotyphodium in Cool-Season Grasses; Roberts,
C. A., West, C. P., Spiers, D. E., Eds.; Wiley: Hoboken, NJ, USA, 2005;
pp 187−199.
(7) Müller, C. B.; Krauss, J. Symbiosis between grasses and asexual
fungal endophytes. Curr. Opin. Plant Biol. 2005, 8, 450−456.
(8) Shi, Z. C. Important Poisonous Plants of China Grassland;
Agriculture Press: Beijing, China, 1997 (in Chinese with some English
content).
(9) Li, C. J.; Nan, Z. B.; Gao, J. H.; Tian, P. Detection and
distribution of Neotyphodium-Achnatherum inebrians association in
China. In Proceedings of 5th International Neotyphodium/Grass
Interactions Symposium; Fayetteville, AR, USA, 2004; p 210.
(10) Li, C. J.; Nan, Z. B.; Paul, V. H.; Dapprich, P.; Liu, Y. A new
Neotyphodium species symbiotic with drunken horse grass (Achnathe-
rum inebrians) in China. Mycotaxon 2004, 90, 141−147.
(11) Li, C. J.; Gao, J. H.; Nan, Z. B. Interactions of Neotyphodium
gansuense, Achnatherum inebrians, and plant-pathogenic fungi. Mycol.
Res. 2007, 111, 1220−1227.
(12) Li, C. J.; Li, F.; Gou, X. Y.; Nan, Z. B. Effects of abiotic stresses
on Achnatherum inebrians by symbiotic endophyte of Neotyphodium
gansuense. In Multifunctional Grasslands in a Changing World;
Organizing Committee of 2008 IGC/IRC Congress; Guangdong
People’s Publishing House: Guangzhou, China, 2008; p 819.
(13) Chen, N. Molecular Mechanism Involved in Low Temperature
Resistance of Endophyte-Infected Drunken Horse Grass during Seed
Germination. Ph.D. Dissertation, Lanzhou University, China, 2011.
(14) Zhang, X. X.; Li, C. J.; Nan, Z. B. Effects of cadmium stress on
growth and anti-oxidative systems in Achnatherum inebrians symbiotic
with Neotyphodium gansuense. J. Hazard. Mater. 2010, 175, 703−709.
(15) Zhang, X. X.; Fan, X. M.; Li, C. J.; Nan, Z. B. Effects of cadmium
stress on seed germination, seedling growth and antioxidative enzymes
in Achnatherum inebrians plants infected with a Neotyphodium
endophyte. Plant Growth Regul. 2010, 60, 91−97.
(16) Zhang, X. X.; Li, C. J. Effects on bird cherry-oat aphid resistance
to drunken horse grass by Neotyphodium endophyte infection. In
Multifunctional Grasslands in a Changing World; Organizing
Committee of 2008 IGC/IRC Conference, Huhhot, Inner Mongolia,
China, 2008; Vol. II, p 833.
(17) Zhang, X. X.; Li, C. J.; Nan, Z. B.; Cory, M. Neotyphodium
endophyte increases drunken horse grass (Achnatherum inebrians)
resistance to herbivores and seed predators. Weed Res. 2012, 52, 70−
78.

Figure 3. Cytotoxicity of the two ergot alkaloids on VSMC.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf502264j | J. Agric. Food Chem. 2014, 62, 7419−74227421

http://pubs.acs.org
mailto:zhibiao@lzu.edu.cn


(18) Miles, C. O.; Lane, G. A.; Menna, M. E. High levels of
ergonovine and lysergic acid amide in toxic Achnatherum inebrians
accompany infection by an Acremonium like endophytic fungus. J.
Agric. Food Chem. 1996, 5, 1285−1290.
(19) Li, C. J.; Nan, Z. B.; Schardl, C. L. Levels and temporal variation
of ergot alkaloids in endophyte-infected drunken horse grass,
Achnatherum inebrians, in China. APS, CPS and MSA Joint Meeting
Abstracts; Quebec City, Canada, 2006; pp 203−204.
(20) Li, C. J.; Nan, Z. B.; Zhang, C. J.; Zhang, C. Y.; Zhang, Y. H.
Effects of endophyte infected drunken horse grass on Chinese rabbit. J.
Agric. Sci. Technol. 2009, 11, 90−96 (in Chinese with English abstract).
(21) Zhang, X. X.; Li, C. J.; Nan, Z. B. Effects of cutting frequency
and height on alkaloid production in endophyte-infected drunken
horse grass (Achnatherum inebrians). Sci. China Life Sci. 2011, 54, 567−
571.
(22) Zhang, X. X.; Li, C. J.; Nan, Z. B. Effects of salt and drought
stress on alkaloid production in endophyte-infected drunken horse
grass (Achnatherum inebrians). Biochem. Syst. Ecol. 2011, 39, 471−476.
(23) Carmichael, J.; DeGraff, W. G.; Gazdar, A. F.; Minna, J. D.;
Mitchell, J. B. Evaluation of a tetrazolium-based semiautomated
colorimetric assay-assessment of chemosensitivity testing. Cancer Res.
1987, 47, 936−942.
(24) Zhang, Y.; Chu, T. Studies on the chemical compositions of
Achnatherum inebrians. Chem. J. Chin. Univ. 1982, 3 (Special Issue),
150−152.
(25) Sang, M.; Zhang, J.; Yao, J.; Yang, Y. L.; Huan, G. L.; Zeng, F.
L.; Wei, R. H.; Wang, Y.; Wei, P. F. Abstraction and analysis of
poisonous components of Achnatherumn inebrians. Livest. Poult. Ind.
2006, 200, 9−11 (in Chinese with English abstract).
(26) Ren, J. Z. Northwest Grasslands Several Common Poisonous
Weeds; Gansu Agricultural University Press: Lanzhou, China, 1959; p
16.
(27) Dang, X. P. Experimental animal drunken horse grass poisoning
case. Vet. Sci. Technol. 1990, 11, 20.
(28) Cao, G. R.; Dang, X. P. Drunken horse grass poisoning
experiment. Vet. Sci. Technol. 1991, 21, 27.
(29) Dang, X. P.; Cao, G. R.; Duan, D. X.; Li, S. J.; Zhao, X. W.;
Zhou, J. H. Studies on the toxic constituent of Achnatherum inebrians.
Acta Vet. Zootechnol. Sinica 1992, 4, 366−371 (in Chinese with English
abstract).
(30) Liang, Y., Li, C. J.; Nan, Z. B.; Wang, H. C.; Li, F. D.
Neotyphodium gansuense symbiotic within Achnatherum inebrians
produces clinical symptoms and physiological effects on small-tailed
Han sheep (Ovis aries). In Proceedings of the 8th International
Symposium on Fungal Endophytes of Grasses; Nan, Z. B., Li, C. J.,
Eds.; Lanzhou, China, 2012; pp 163−166.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf502264j | J. Agric. Food Chem. 2014, 62, 7419−74227422


