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tertiary amine. Currently, there are more than 18,000 discovered alkaloids [133]. The unique bioactivity
of alkaloids is attributed to the presence of nitrogen, that capable of accepting a proton, and one
or more amine donating hydrogen atoms, which is usually accompanied by proton-accepting and
-donating functional [127].

Alkaloids have played a very important role in developing new antibacterial agents.
Many interesting examples include the synthesis of quinolones from quinine, derivatization of
azomycin to afford metronidazole, and alteration of the quinoline scaffold to furnish bedaquiline.
In other antibacterial agents, alkaloids are utilized as scaffold substructures as seen with linezolid and
trimethoprim [134–136].

4.1. Antibacterial Indole Alkaloids

Clausenine (13 in Figure 3) extracted from the stem bark of Clausena anisate (Willd.) were shown to
have antibacterial and antifungal activities [137]. I-Mahanine indole alkaloid (14 in Figure 3) obtained
from Micromelum minutum Wight and Arn. has demonstrated antimicrobial activity against Bacillus
cereus (MIC100 values of 6.25 μg/mL) and Staphylococcus aureus (MIC100 values of 12.5 μg/mL) [138].

Hapalindole alkaloids, hapalindole X (15 in Figure 3), deschlorohapalindole I (16 in Figure 3),
and 13-hydroxy dechlorofontonamide (17 in Figure 3) and hapalindoles A, C, G, H, I, J, and U,
hapalonamide H, anhydrohapaloxindole A, and fischerindole L were obtained from cyanobacteria
sp. Results demonstrated that 15 and 18 possess a very strong activity against both Mycobacterium
tuberculosis and Candida albicans with MIC values in the range of 0.6 to 2.5 μM [139].

The indolizdine alkaloid 2, 3-dihydro-1H-indolizinium chloride (19 in Figure 3) isolated from
Prosopisglandulosa Torr. var. glandulosa was found to be a strong antifungal and antibacterial agent
against Cryptococcus neoformans, Aspergillus fumigatus with IC50 values of 0.4 and 3.0μg/mL, respectively,
and antibacterial activity against methicillin-resistant Staphylococcus aureus and Mycobacterium with
IC50 values of 0.35 and 0.9 μg/mL respectively [140].

Figure 3. Chemical structures of natural antibacterial alkaloids: Clausenine (13), (R)-Mahanine (14),
hapalindole X (15), deschlorohapalindole I (16), 13-hydroxy dechlorofontonamide (17), hapalonamide
H (18) and 2,3-dihydro-1 H-indolizinium chloride (19).

The antimicrobial, antimalarial, cytotoxic, and anti-HIV activities of 26 isoquinolines were studied.
The results showed that compound 20 (Figure 4) has antimicrobial effects, compounds 21, 22 and 23

(Figure 4) have antimalarial effects, compounds 20 and 21 have cytotoxic effects and compounds 24

and 25 (Figure 4) have anti-HIV effects. It is expected that these compounds have the potential to be
used as lead compounds for further research and investigation [141].
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Berberine alkaloid (1 in Figure 1) was tested against the oral pathogens Fusobacterium nucleatum,
Enterococcus faecalis, and Prevotella intermedia. The MIC values of berberine against these pathogens
were 31.25 μg/mL, 3.8 μg/mL and 500 μg/mL, respectively [142].

Figure 4. Chemical structures of isoquinolines alkaloids (antimicrobial, antimalarial, cytotoxic,
and anti-HIV agents, 20–25), 2-benzyl-6,7-bis(benzyloxy)-1-propyl-3,4-dihydroisoquinolin-2-ium
(20), 6,7-bis(benzyloxy)-1,2-dimethylisoquinolin-2-ium (21), 6,7-bis(benzyloxy)-1-ethyl-2-methy-
lisoquinolin-2-ium (22), 1-(1-(3,4-dimethoxyphenyl)ethyl)-6,7-dimethoxy-2-methylisoquinolin-2-ium
(23), 1-ethyl-6,7-dihydroxy-2-methylisoquinolin-2-ium (24), 6,7-dimethoxy-3,4-dihydro- isoquinolin-2-ium
(25), dehydrocavidine (26), coptisine (27), dehydroapocavidine (28) and tetradehydroscoulerine (29).

Sanguinarine (6 in Figure 1), a benzophenanthridine alkaloid obtained from the root of Sanguinaria
canadensis L., has shown inhibition activity against methicillin-resistant Staphylococcus aureus (MRSA)
bacteria, an organism known for its resistance to almost all antibacterial agents. MRSA is responsible
for a large number of life-threatening infections. MRSA infections that reach the bloodstream are
responsible for numerous complications and fatalities, killing 10–30% of patients. An important
predictor of morbidity and mortality in adults is the blood concentrations of vancomycin, the antibiotic
of choice to treat this condition [18]. Many of them are skin-related conditions: Skin glands, and mucous
membranes. Sanguinarine activity against MRSA strains is in the range of 3.12 to 6.25 μg/mL. Whereas,
its MIC values against the two MRSA strains are 3.12 μg/mL and 1.56 μg/mL. Sanguinarine causes
lysis of the cell by induction the release of autolytic enzymes [143]. Further, sanguinarine has shown to
kill cells and destroy tissues when applied to the skin. The biosynthesis of sanguinarine in plants is via
the action of dihydrobenzophe-anthridineoxidase on dihydrosanguinarine.

Dehydrocavidine, coptisine, dehydroapocavidine and tetradehydroscoulerine (26–29, respectively,
in Figure 4) represent the active compounds of Yanhuanglian that extracted from Corydalis saxicola
Bunting and used in traditional Chinese medicine, and they have shown antibacterial, antiviral and
anticancer activities in in-vivo studies [144].

Five new quinolone alkaloids, euocarpines A–E (30–35 in Figure 5), were isolated from the fruits
of Evodia ruticarpa var. officinalis (Dode) C.C.Huang and were found to exhibit moderate antibacterial
activities MIC values of 4–128 μg/mL Compounds with thirteen carbons on side chain showed the
highest antibacterial activity with favorable low cytotoxicity [145].
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Figure 5. Chemical structures of alkaloids; euocarpines A–E, 30–35, respectively.

The three quinolone alkaloids kokusaginin, maculine, kolbisine (36–38 in Figure 6) were obtained
from Teclea afzelii Engl.stem bark, and their antimicrobial and antifungal activities were studied. The results
revealed that kokusaginine, 36, was active against Gram-positive and negativebacteria, fungi and
Mycobacterium smegmatis. While the crude extracts maculine, 37, and kolbisine, 38, have resulted in
inhibition of 87.5% of the microbes with an MIC value of 19.53 μg/mL. While maculine, 37, demonstrated
a moderate activity against M. smegmatis with greater MIC value (156.25 μg/mL) [146].

Eight new quinolone alkaloids were extracted from the actinomycete Pseudonocardia sp. CL38489
were found to be potent and selective anti Helicobacter pylori agents [147]. Diterpene alkaloids, such as
agelasines O–U (39–45 in Figure 6), were obtained from Okinawan marine sponge Agelas sp. Studies have
shown that agelasines O–R (39–42 in Figure 6) and T (44 in Figure 6) had antimicrobial activities against
several bacteria and fungi [148].

The polyamine alkaloid squalamine (46 in Figure 6) which was extracted from tissues of the
dogfish shark Squalus acanthiasis is now considered as a broad-spectrum steroidal antibiotic with potent
bactericidal properties against both Gram-negative and Gram-positive bacteria [149].

Aaptamine (47 in Figure 6) extracted from the Indonesian marine sponge of the genus Xestospongia
has shown significant antibacterial activity against gram-negative bacteria [150]. Table 2 illustrates the
antibacterial activity of the compounds discussed in this section.

Table 2. Antibacterial compounds, discussed in this section, and their antibacterial activity.

Alkaloids Antibacterial Activity

Clausenol, Kokusaginine, Maculine, Kolbisine,
squalamine, Aaptamine

Active against Gram-positive and negative bacteria and
fungi

R- Mahanine Antimicrobial activity against Bacillus cereus and
Staphylococcus aureus

hapalindole X, deschlorohapalin-dole I, 13-hydroxy
dechlorofonto-namide, hapalonamide H

Potent activity against both Mycobacterium tuberculosis
and Candida albicans

Indolizdine
Antibacterial activities against Cryptococcus
neoformans, Aspergillus fumigatus, methicillin-resistant
Staphylococcus aureus and Mycobacterium intracellular

Isoquinolines Antimalarial, cytotoxic, and anti-HIV effects.

Sanguinarine, Antibacterial activity against methicillin-resistant
Staphylococcus aureus
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Figure 6. Chemical structures of natural antibacterial alkaloids: Kokusaginine (36), maculine (37),
kolbisine (38), agelasines O–U (39–45), squalamine (46) and aptamine (47).

4.2. Antibacterial Mechanism of Action of Alkaloids

Most alkaloids are found to be bactericidal rather than being bacteriostatic. For example,
squalamine, 42, was found to be with potent bactericidal properties killing Gram-positive and
Gram-negative pathogens by ≥99.99% in about 1–2 h [151]. The mechanism of action of squalamine, 42,
is illustrated in Figure 7.

The alkaloids mechanism of action as antibacterial agents has been found to be different between
each class. In the alkaloids pergularinine and tylophorinidine from the indolizine class, the antibacterial
action is due to inhibition of the enzyme dihydrofolate reductase resulting in the inhibition of nucleic
acid synthesis [152].

Within the isoquinolone class two mechanisms of bacterial inhibition were shown to occur;
Ungereminea phenanthridine isoquinoline exerts its effect through the inhibition of nucleic acid
synthesis, while from the studies with benzophenanthridine and protoberberine isoquinolines it was
suggested that those agents act by the perturbation of the Z-ring and cell division inhibition, and this
was further proved by many studies [97,153–155].

On the other hand, synthetic quinolones inhibit the type II topoisomerase enzymes, while the
natural quinolone alkaloids lacking the 3-carboxyl function act as respiratory inhibitors by reducing
oxygen consumption in the treated bacteria [156,157].

Agelasines alkaloids exert their antibacterial activity by the inhibition of the dioxygenase
enzyme BCG 3185c, causing a disturbance in the bacterial hemostasis. This result was revealed
from overexpression and binding affinity experiments on the anti-mycobacterial alkaloid agelasine
D [158]. Saqualamine from the polyamine alkaloid class acts by disturbing bacterial membrane
integrity [158,159].
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Figure 7. A representation of the mode of action of squalamine antibacterial agent; intracellular
ion efflux in Gram-positive bacteria caused by the depolarization of the membranes, and membrane
disruption in Gram-negative bacteria. PG is peptidoglycan, CM is cytoplasmic membrane, and OM is
outer membrane.

5. Antiviral Activity

Plants and animals, host a vast number of viruses, often transmitted by insects, such as aphids
and bugs. Viral infection resistance can be caused either by biochemical mechanisms that prevent the
development and multiplication of the virus or by preventing vectors, such as aphids. The evaluation
of the antiviral activity is relatively difficult. Several researchers have studied the effect of alkaloids on
viral reproduction. The studies revealed that about 40 alkaloids possess antiviral properties.

Leurocristine, periformyline, perivine and vincaleucoblastine (48–51 in Figure 8) are natural
alkaloids obtained from Catharanthus roseus (L.) and lanceusPich (Apocycaceae). Leurocristine, 48,
is an active against mengovirus extracellular virucidal, poliovirus, vaccinia, and influenza viruses [160].
Periformyline, 49, inhibits poliovirus type viruses. Whereas, perivine, 50, exhibits polio extracellular
virucidal activity against vaccinia, and vincaleucoblastine, 51, possesses extracellular virucidal activity
against poliovirus vaccinia and influenza virus.

The michellamines D and F (52 and 53 in Figure 8), naphthyl-isoquinoline alkaloids, obtained from
the tropical liana Ancistrocladuskorupensis have demonstrated HIV-inhibitory [161]. A series of isoquinoline
alkaloids as lycorine, lycoricidine (54 in Figure 8), narciclasine, and cis-dihydronarciclasine, obtained from
Narcissus poeticus (Amaryllidaceae), have shown significant in vitro activity against flaviviruses and
bunyaviruses. Poliomyelitis virus inhibition by the above-mentioned compounds occurred at 1 mg/mL [162].

The alkaloids homonojirimycin (55 in Figure 9) and 1-deoxymanojirimycin (56 in Figure 9)
were obtained from Omphaleadiandra (Euphorbiaceae). Homonojirimycin, 55, is an inhibitor of
several a-glucosidases, glucosidase I and glucosidase II. Deoxymanojirimycin, 56, is an inhibitor of
glycoprocessing mannosidase [163]. Castanospermine (57 in Figure 9) and australine (58 in Figure 9)
are alkaloids present in seeds of Castanospermum austral A. Cunn. and C. Fraser (Leguminosae)
and reduce the ability of HIV to infect cultured cells and have the potential for treating AIDS [164].
Sesquiterpene alkaloids obtained from Tripterygium hypoglaucum (H. Lév.) and Tripterygium wilfordii
Hook. f. (Celastraceae) were found to possess anti-HIV activity [165].

The acridone alkaloids, 5-hydroxynoracronycine—same compound of 11-hydroxynorac- ronycine
(59 in Figure 9) and Acrimarine F (60 in Figure 9) were extracted from Citrus alata (Tanaka) plants and
were found to be very effectiveagainst Epstein-Barr virus [166–168]. Columbamine, palmitine(61, 62 in
Figure 9), and berberine are alkaloids with potent activity against HIV-1 and can be found in many
plants, includingAnnonaceae (Coelocline), Berberis vulgaris (Berberidaceae), Menispermaceae and
Papaveraceae [169–171]. A concise summary of the antiviral activities of alkaloids 48–62 is depicted in
Table 3.
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Figure 8. Chemical structures of the antiviral natural alkaloids: Leurocristine (48), periformyline (49),
perivine (50), vincaleucoblastine (51), michellamines D and F (52 and 53) and lycoricidine (54).

Figure 9. Chemical structures of antiviral natural alkaloid: Homonojirimycin (55), 1-deoxymanojirimycin
(56), castanospermine (57), australine (58), 5-hydroxynoracronycine (59), acrimarine F (60), columbamine
(61), palmitine (62).

Table 3. Antiviral compounds, discussed in this section, and their antiviral activity.

Alkaloids Antiviral Activity

Leurocristine Active against mengovirus extracellular virucidal, poliovirus,
vaccinia, and influenza viruses

Periformyline Inhibits poliovirus type viruses

Perivine Exhibits polio extracellular virucidal activity against vaccinia

Vincaleucoblastine Possesses extracellular virucidal activity against poliovirus
vaccinia and influenza virus.

180



Toxins 2019, 11, 656

Table 3. Cont.

Michellamines D and F HIV-inhibitory

Homonojirimycin Inhibitor of several a-glucosidases

Deoxymanojirimycin Inhibitor of glycoprocessing mannosidase

Castanospermine, australine Reduce the ability of the human immunodeficiency virus (HIV)
to infect cultured cells, and have potential for treating AIDS

Sesquiterpene Anti-HIV activity

5-hydroxynoracronycine, Acrimarine F Remarkable inhibitory effects on Epstein-Barr virus activation

Columbamine,
Berberine,
Palmitine

Inhibitors alkaloids against HIV-1

6. Antifungal Activity

The spread of resistance to antifungal agents has accelerated in the recent few years. The rate of
morbidity and mortality has enhanced, due to resistance to antifungal agents. Since the molecular
processes in humans and fungi are similar, there is always a risk that the fungal cytotoxic substance
is toxic to the host cells. Consequently, patients with a reduced immune system, such as those with
transplants, cancer and diabetics who do not respond appropriately to the current medications have
ignited the need for new antifungal medicines [93]. The current antifungal drugs suffer from
many side effects as irritation, diarrhea, and vomiting; furthermore, it is less effective, due to
the development of resistance to those drugs by the diverse available fungi. The potency and
effectiveness of the antifungal medicines developed during 1980–1995, such as the imidazoles and
triazoles, which inhibit the fungal cell processes have gradually decreased, due to the development
of resistance by the microorganism [172]. Therefore, researchers are looking for new potent entities to
replace the currently used antifungal agents. A respected number of biologically active compounds
were isolated from medicinal plants and are widely used as mixtures or pure compounds to cure
a variety of diseases. It is estimated that about 250,000 to 500,000 species of plants are growing on
our planet. However, humans are using only 1 to 10% of those plants [173]. This treasure should be
utilized to isolate and develop new antifungal agents by using new methods and techniques [174].
For example, chemical entities isolated from plants, such as the indole derivatives, dimethyl pyrrole
and hydroxydihydrocornin-aglycones have shown promising antifungal activities [174]. However,
pure medicines derived from these chemical entities still to be developed.

It should be emphasized that the annual mortality rate, due to fungi was constant through
several decades, and the resistance to antifungal drugs has emerged only in the recent two to three
decades [175–177]. Thus, a combined effort from chemists, biologists, pharmacologists and etc. is
crucially needed to combat the issue of microorganisms’ resistance to drugs. Consequently, great
emphasis has been placed on developing a more detailed understanding of antimicrobial resistance
mechanisms, improved methods for detecting resistance when they occur, new antimicrobial options
for treating infections caused by resistant organisms, and ways to prevent the emergence and spread
of resistance in the first place [174].

In this section of the review, we attempted to report on some important antifungal compounds
obtained from plants.

Antifungal Activity of Alkaloids

Extraction of the opium poppy Papaver somniferum L. has resulted in the isolation of morphine
which is considered the first member [156]. Recently, a new alkaloid, 2-(3,4-dimethyl-2,5-dihydro-
1H-pyrrol-2-yl)- 1-methylethyl pentanoate (63 in Figure 10) was isolated from the plant Datura metel
var. fastuosa (L.) Saff., and has demonstrated activity against Aspergillus and Candida species when
tested both in vitro and in vivo [178,179].
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Figure 10. Chemical structures of antifungal natural alkaloids: 2-(3,4-dimethyl-2,5-dihydro-1H-pyrrol-2-yl)-
1-methylethyl pentanoate (63), 6,8-didec-(1Z)-enyl-5,7-dimethyl-2,3-dihydro-1H-indolizinium (64),
N-methyl-N-formyl-4-hydroxy-beta-phenylethylamine (65), Jatrorrhizine (66), (+)-Cocsoline (67), dicentrine
(68), glaucine (69), protopine (70) and alpha-allocryptopin (71).

Another alkaloid, 6,8-didec-(1Z)-enyl-5,7-dimethyl-2,3-dihydro-1H-indolizinium (64 in Figure 10)
was isolated from Anibapanurensis and demonstrated excellent activity against the strain of
C. albicans [180].

β-Carboline, a tryptamine and twophenylethylamine-derived alkaloids along with N-methyl-
N-formyl-4-hydroxy-beta-phenylethylamine (65 in Figure 10) from Cyathobasisfruticulosa [20] and
haloxylines A and B, new piperidine from Haloxylon schmittianum Pomel have shown a potential
antifungal activity [181].

Jatrorrhizine (66 in Figure 10) isolated from Mahonia aquifolium (Pursh) Nutt. has shown the most potent
antifungal inhibitory in all studied fungi with MIC between 62.5 to 125 μg/mL, while the crude extract,
berberine, and palmatine showed reduced inhibitory activity with MIC of 500 to >/= 1000 μg/mL [182].

(+)-Cocsoline (67 in Figure 10) is a bisbenzylisoquinoline alkaloid isolated from Epinetrumvillosum
has demonstrated a good antifungal activity [183]. The alkaloids N-methylhydrasteinehydroxylactam
and 1-methoxyberberine chloride isolated from Corydalis longipes D. Don demonstrated great inhibitory
activity [184]. Four alkaloids, dicentrine (68 in Figure 10), glaucine (69 in Figure 10), protopine (70 in
Figure 10), and alpha-allocryptopin (71 in Figure 10) were isolated from Glaucium oxylobum Boiss and
Buhse have exhibited good activity against Microsporumgypseum, Microsporumcanis, T. mentagrophytes
and Epidermophytonfloccosum [185].

Flindersine (72 in Figure 11) and haplopine (73 in Figure 11) obtained from Haplophyllum sieversii
Fisch. were growth-inhibitory compounds against various fungi [186]. Canthin-6-one (74 in Figure 11)
and 5-methoxy-canthin-6-one (75 in Figure 11) of Zanthoxylumchiloperone var. angustifolium exhibited
antifungal activity against C. albicans, A. fumigatus and T. mentagrophytes [187]. Frangulanine (76 in
Figure 11), a cyclic peptide alkaloid and waltherione A (77 in Figure 11), quinolinone alkaloids from
leaves of Melochiaodorata were reported to exhibit antifungal activities against a broad spectrum of
pathogenic fungi [188].
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Figure 11. Chemical structures of antifungal natural alkaloids: Flindersine (72), haplopine (73),
canthin-6-one (74), 5-methoxy-canthin-6-one (75), frangulanine (76), waltherione A (77) and
3-methoxisampangin (78).

Furthermore, anodic alkali aninolinate has demonstrated inhibitory activity against all 10 fungi
tested and demonstrated a particularly high sensitivity to this compound, showing germination levels
of less than 10% [189]. From the root of Dictamnusdasycarpus two antifungal fructoxin alkaloids were
isolated. 3-Methoxisampangin (78 in Figure 11) of cleistopholispatens showed vast inhibitory activity
against each of C. albicans, A. fumigatus, and C. neoformans [190]. Table 4 lists the antifungal activity of
the compounds discussed in this section.

Table 4. Antifungal compounds, discussed in this section, and their antifungal activity.

Alkaloids Antifungal Activity

2-(3,4-dimethyl-2,5-dihydro-1H-pyrrol-2-yl)-1-methylethyl
pentanoate Activity against Aspergillus and Candida species

6,8-didec-(1Z)-enyl-5,7-dimethyl-2,3-dihydro-1H-indolizinium Good activity against a drug-resistant strain of C. albicans

β-carboline, Cocsoline Effective against all fungal species and marginal activity

Dicentrine, glaucine,
Protopine, alpha-allocryptopin

Good activity against Microsporumgypseum,
Microsporumcanis, T. mentagrophytes and
Epidermophytonfloccosum

Canthin-6-one,
5-methoxy-canthin-6-one

Antifungal activity against C. albicans, A. fumigatus and T.
mentagrophytes

Frangulanine,
Waltherione,
quinolinone alkaloids

Exhibit antifungal activities against a broad spectrum of
pathogenic fungi

3-methoxisampangin Significant antifungal activity against C. albicans, A.
fumigatus, and C. neoformans

7. Toxicity of Plant Secondary Metabolites

Through hundreds of years, people have been used plant extracts for the treatment of a variety
of diseases, such as snakebite, fever and insanity. However, a number of plants containing alkaloids
are classified as main plant toxins because of their vast structural diversity and different mechanism
of actions. Inhalation or swallowing toxic alkaloids by humans or animals might result in a certain
mechanism involving transporters, enzymes and receptors at certain cells and tissues, and therefore,
causing musculoskeletal deformities and hepatotoxic effects. These toxic alkaloids include tropane,
piperidine, pyrrolizidine and indolizidine. The most adverse effects of these entities are vomiting,
mild gastrointestinal perturbation, teratogenicity, arrhythmias, itching, nausea, psychosis, paralysis,
and death [188].
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8. Conclusions

Secondary metabolites isolated from different plants have proven to be useful for humans and
animals alike. Studies on a number of these alkaloids have demonstrated that a vast number of them
possess many pharmacological activities. These activities include anticancer, antibacterial, antiviral,
antioxidant and antifungal. However, when high doses of the secondary metabolites are consumed,
toxic effects may be observed and in sometimes fatalities are imminent. For instance, some alkaloids
have proven to lead to paralysis, asphyxia, and in sometimes to death. During the past few years
researches have been conducted to make new derivatives of the isolated secondary metabolites aiming
to obtain medicines with more potency, less toxicity, and more resistant to different microorganisms.
It is hoped that the state-of-the-art methods and sophisticated techniques along with computational
methods, will make the path for generating novel potent drugs, based on natural products, be shorter
and beneficial.

Several plants contain secondary metabolites which are toxic and may cause danger to humans
when administered. However, the cases in which fatal plant poisonings occur are negligible. The most
common incidents of toxicity are those involving the abuse of plants for hallucinogenic purposes.
Utilizing toxicological analysis of such secondary metabolites may help in the diagnosis of poisoning
or abuse cases. Among the toxic secondary metabolites are harmaline, ibogaine, kawain, cytisine,
dimethyltryptamine, harmine, aconitine, atropine, coniine, colchicine, taxine, mescaline, and scopolamine,
which are often involved in fatal poisonings [190].
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Abstract: The usage of insects as model organisms is becoming more and more common
in toxicological, pharmacological, genetic and biomedical research. Insects, such as fruit flies
(Drosophila melanogaster), locusts (Locusta migratoria), stick insects (Baculum extradentatum) or beetles
(Tenebrio molitor) are used to assess the effect of different active compounds, as well as to analyse
the background and course of certain diseases, including heart disorders. The goal of this study
was to assess the influence of secondary metabolites extracted from Solanaceae and Brassicaceae
plants: Potato (Solanum tuberosum), tomato (Solanum lycopersicum), black nightshade (Solanum nigrum)
and horseradish (Armoracia rusticana), on T. molitor beetle heart contractility in comparison with
pure alkaloids. During the in vivo bioassays, the plants glycoalkaloid extracts and pure substances
were injected at the concentration 10−5 M into T. molitor pupa and evoked changes in heart activity.
Pure glycoalkaloids caused mainly positive chronotropic effects, dependant on heart activity phase
during a 24-h period of recording. Moreover, the substances affected the duration of the heart activity
phases. Similarly, to the pure glycoalkaloids, the tested extracts also mainly accelerated the heart
rhythm, however S. tuberosum and S. lycopersicum extracts slightly decreased the heart contractions
frequency in the last 6 h of the recording. Cardioacceleratory activity of only S. lycopersicum extract
was higher than single alkaloids whereas S. tubersoum and S. nigrum extracts were less active
when compared to pure alkaloids. The most cardioactive substance was chaconine which strongly
stimulated heart action during the whole recording after injection. A. rusticana extract which is
composed mainly of glucosinolates did not significantly affect the heart contractions. Obtained
results showed that glycoalkaloids were much more active than glucosinolates. However, the extracts
depending on the plant species might be more or less active than pure substances.

Keywords: plant secondary metabolites; glycoalkaloids; insect heart; beetles; insect; Tenebrio molitor
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Key Contribution: Solanaceae alkaloids and other secondary metabolites might be used to disturb
heart activity in insects.

1. Introduction

Two groups of assimilates stand out in the processes of biosynthesis occurring in plants: basic
substances and products of secondary metabolism [1]. Primary metabolites (carbohydrates, proteins,
and fats) are found in all plants where they perform basic physiological functions. Secondary substances
occur only in specific systematic groups, that means they do not perform the functions necessary for
life. However, they often have the character of physiologically active compounds, that makes them
applicable in different fields, for instance in medicine or agriculture.

A broad spectrum of physiological activity is demonstrated by alkaloids [2]. They have been
proved to exhibit antioxidant, anti-inflammatory, anti-aggregation, hypocholesteric, immunostimulant
or anticancer properties. Many of them belong to the group of compounds modifying or normalizing
the activity of the heart. The mode of action is often connected with the ability to control calcium
channels, similarly to synthetic substances/drugs [3].

Alkaloids are produced by different plants species such as Papaveraceae, Fabaceae, Ranunculaceae
or Solanaceae plant families or lower plants such as forks or creaks [4]. They are usually basic
nitrogen-containing organic compounds, mainly synthesized from amino acids. Substrates for about five
thousand of this type of compound are three protein amino acids: phenylalanine, lysine and tryptophan.

Nowadays, emerging interest is put on Solanaceae alkaloids. They are mainly steroidal
glycoalkaloids (GAs)-glycosidic derivatives of nitrogen-containing steroids that are produced in
more than 350 plant species [5]. The major representatives of this glycoalkaloid family are α-solanine
andα-chaconine in potato plants (Solanum tuberosum L.), solasonine and solamargine in black nightshade
(Solanum nigrum L.) or α-tomatine and dehydrotomatine in tomato plants (Solanum lycopersicum L.) [6,7]
(Figure 1). They have been shown to possess a wide spectrum of biological activity at the molecular,
cellular and organismal levels [6,8].

Insects are suitable models for the study of various active compounds, including plant derived
substances. They have a short life cycle and are easy to grow. There are also reports suggesting
possible similarities in the mechanisms of action of various active substances in relation to vertebrate
and invertebrate animals [9]. Increasingly, they are used in various toxicological or pharmacological
researches [9,10].

Previous investigation has shown that Solanaceae GAs or Solanaceae plant extracts are able to
influence the heart activity of Zophobas atratus Fab. beetle [11]. Chosen GAs irreversibly stopped
Z. atratus hearts in in vitro conditions but surprisingly stimulated the activity in in vivo bioassays,
alternating the duration of phases in the heart cycle. Thus, further experiments were needed to
explain whether GAs are cardiotoxic or just cardioregulatory. Using a different model beetle species
Tenebrio molitor, here, it is presented further evidence that Solanaceae GAs differentially affect the
insect heart activity. Furthermore, a different group of plant secondary metabolites have been
tested—glucosinolates (GLSs) present in Armoria rusticana extract [7], in order to check whether they
possess cardioregulatory activity.
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Figure 1. Structures of major potato, black nightshade and tomato glycoalkaloids.

2. Results

2.1. Heart Rhythm of the Tenebrio molitor Pupae

Cardiac contractile activity of T. molitor intact pupae was examined by a non-invasive optoelectronic
technique. In order to detect circadian changes in the heart rhythm, 24-h recordings were conducted.
The recordings indicated that the heart rhythm of one-day-old pupae is complex. A constant
pattern in the work of this organ was manifested by regular alternations of: (1) forward orientated,
fast—anterograde phase, (2) backward orientated, slow—retrograde phase, and (3) no contraction
phase—diastasis. These phases, apart from the direction of propagation of peristalsis contractions wave,
differed also in the frequency of contractions of myocardium and their duration (Figure 2). Average
heart contraction frequency of intact T. molitor pupae was 26/min in anterograde phase and 10/min
in retrograde phase (Figure 3A). The average duration of each phase was 3 min 40 s for anterograde
phase, 4 min 20 s for retrograde phase and 5 min 30 s for the diastasis (Figure 3B). The length of
the phases depends on the time of recording (day or night). The injection of physiological saline
caused minor effects in the heartbeat (Figure 3C) and had no effects in the duration of the phases
(Figure 3D). These effects were not statistically significant and thus were not taken under consideration
during the experiments with tested substances.
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Figure 2. Myocardiograms of the Tenebrio molitor pupal heartbeat registered under control conditions.

Figure 3. Changes in the heart rate (A,C) and in the duration of anterograde, retrograde phases and
diastase in the cardiac cycle (B,D) of T. molitor pupae in 2-h intervals, registered without injection
(A,B) and after injection of physiological saline (C,D). Statistically significant differences (p ≤ 0.05,
Mann-Whitney test) when compared to control are indicated with an asterisk, n ≥ 10.

2.2. Effects of Potato Glycoalkaloids on the Heart Rhythm of T. molitor Pupae

2.2.1. Pure Alkaloids

α-Solanine

Injection ofα-solanine caused ambiguous effects which strongly depended on time after application.
In the first two hours, we noticed strong cardioinhibitory effects in the anterograde phase with the
frequency of heart contraction decreasing by 47% when compared to the control (physiological saline
injections). The effect was evident in just two first hours after injection. The negative chronotropic
effect in this phase was also recorded in the 6th and 12th hour of the recording (decreasing by 20 and
16%) but the results were not statistically significant (Figure 4A). Otherwise, in the 10th and 22nd
hour of recording, the frequency of the heart contractions in anterograde phase significantly increased
(both by 22%) (Table S1). During the first part of recording (4th–18th h), an increase in the heart rate of
18% on average was observed in retrograde phase. A clear chronotropic-positive effect occurred in 6th
and 14th hour of registration (up by 38 and 49% respectively) (Table S1). Nevertheless, in the final hours
of recording (20th–24th h), cardioinhibitory effects of α-solanine were observed. The frequency of
contraction 20, 22 and 24 h after injection was reduced by 38, 38 and 77%, respectively when compared
to the control (Figure 4A).

Injection of α-solanine altered duration of phases of pupal heart rhythm. Shortening of fast
anterograde phase by 1 min and 39 s on average was observed between the 2nd and 16th hour, later the
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effect silenced (Figure 4B). Changes in retrograde phase varied depending on time after compound
application. Moreover, α-solanine caused reduction of diastase duration between the 2nd and 16th
hour of the recording period by an average of 4 min (Table S2). In the next hours, the effect weakened
and finally in the 20th and 22nd hour of registration, strong elongation of the diastase with an average
of 4 min 40 s was observed (Figure 4B).

Figure 4. Changes in the heart rate (A,C) and in the duration of anterograde, retrograde phases and
diastase in the cardiac cycle (B,D) of T. molitor pupae in 2-h intervals, registered after injection of
α-solanine (1 × 10−5 M) (A,B) and α-chaconine (1 × 10−5 M) (C,D). Statistically significant differences
(p ≤ 0.05, Mann-Whitney test) when compared to control are indicated with an asterisk, n ≥ 10.

α-Chaconine

Injection of α-chaconine induced an increase in the contraction frequency of 66% on average, in the
anterograde phase, and 200% in the retrograde phase during the entire registration period (Table S1).
The highest-positive chronotropic effect in fast phase was observed at 16 and 18 h after compound
injection (Figure 4C). In this period, the frequency of contractions increased by 86%. In slow phase,
increased contraction frequency was noticed from the 4th to the 24th hour of registration, and it was
210% higher on average than in the control (Figure 4C). Application of α-chaconine shortened the
anterograde phase between the 6th and 16th hour during the recording by 1 min and 32 s on average.
Retrograde phase was reduced by an average of 1 min and 46 s between the 8th to 16th hour after
injection (Table S2). The opposite effect was observed during the diastase. α-Chaconine injections
caused a significant prolongation of this phase between the 8th and 16th hour of recording, by 10 min
and 50 s on average (Figure 4D).

2.2.2. S. tuberosum Extract

In order to ascertain whether potato (S. tuberosum) leaf extract containing known ratio of
α-chaconine/α-solanine and some other minor GAs caused similar cardiotropic effects as pure
substances, the pupae were injected with the potato extract prepared as described above. Application
of potato extract caused, in the initial hours of registration (2nd–14th h), a weak increase in frequency of
heart contractions in both phases by an average of 21% in the anterograde phase and 23% in retrograde
phase. In the later hours of the registration (16th–24th h) frequency decreased by 9% in the anterograde
and 3% in retrograde phases (Table S1). In the fast phase the highest positive chronotropic effect was
recorded at the 10th hour after injection (by 40% compared to the control). In the slow phase the
strongest increase occurred at the 12th hour of registration (by 67% compared to control) (Figure 5A).
The injection of the potato extract slightly shortened the duration of the anterograde phase between 8th

199



Toxins 2019, 11, 287

and 20th hours of the registration (by 44 s on average). In the retrograde phase differentiated changes
were noticed depending on the examined interval in the circadian cycle (Table S2). The duration of
diastase between the 8th and 24th hour was reduced by an average of 1 min and 52 s (Figure 5B).

Figure 5. Changes in the heart rate (A) and in the duration of anterograde, retrograde phases and
diastase in the cardiac cycle (B) of T. molitor pupae in 2-h intervals, registered after injection of potato
extract (1 × 10−5 M). Statistically significant differences (p ≤ 0.05, Mann-Whitney test) when compared
to control are indicated with an asterisk, n ≥ 10.

2.3. Effects of Black Nightshade Glycoalkaloids on the Heart Rhythm of T. molitor Pupae

2.3.1. Pure Alkaloids

Solamargine

Two major S. nigrum glycoalkaloids are solamargine and solasonine. Solamargine injection resulted
in a decrease of the contractions frequency in the anterograde phase of initial part of the recording time
(2nd–6th h) by 30% on average (Table S1). In the following hours (8th–24th h), an increase in contractile
activity in this phase by 84% on average occurred. In the slow phase, contractions frequency increased
by 56% on average throughout the whole period of registration (Figure 6A).

Figure 6. Changes in the heart rate (A,C) and in the duration of anterograde, retrograde phases and
diastase in the cardiac cycle (B,D) of T. molitor pupae in 2-h intervals, registered after injection of
solamargine (1 × 10−5 M) (A,B) and solasonine (1 × 10−5 M) (C,D). Statistically significant differences
(p ≤ 0.05, Mann-Whitney test) when compared to control are indicated with an asterisk, n ≥ 10.

Injection of solamargine evoked slight shortening of the duration of the fast phase in the first 4 h of
registration by 1 min and 4 s on average. Following hours of anterograde phase duration did not differ
significantly from the control values. In addition, under the influence of solamargine, prolongation of
the retrograde phase in the 2nd hour of recording by 1 min and 30 s was observed. In the next hours,
the effect weakened and finally shortening in the 18th and 22nd hour by 1 min 10 s and 1 min and 50 s,
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respectively, was observed (Table S2). The length of retrograde phase in other intervals did not differ
significantly from the control values. The observed diastasis duration shortened on average by 2 min
15 s throughout the whole circadian cycle (Figure 6B).

Solasonine

After solasonine application, an increase in the frequency of contractions in the fast phase between
the 12th and 18th hour of registration by 43% on average, in relation to the control, was observed
(Table S1). In the retrograde phase, contractile activity increased by 43% on average, throughout the
period of registration. The highest positive chronotropic effect was recorded in the 18th and 24th hour
when the frequency of contractions was two times higher than in the control (Figure 6C).

In the pupae treated with solasonine, we noticed a shortened duration of the anterograde phase by
1 min 20 s on average throughout the whole registration period. In the retrograde phase, varied changes
in its duration were observed that depended on the analysed interval of the circadian cycle. Significant
changes were noted during the phase of diastase (Table S2). Solasonine caused the shortening of this
phase by 3 min 55 s on average throughout the registration period (Figure 6D).

2.3.2. S. nigrum Extract

Changes in the cardiac anterograde phase after injection of black nightshade (S. nigrum) extract
were minor and showed different changes depending on the considered time interval in the circadian
cycle (Table S1). During the retrograde phase, an increase in the frequency of contractions by 19% on
average throughout the whole period of registration was observed (Figure 7A).

Figure 7. Changes in the heart rate (A) and in the duration of anterograde, retrograde phases and
diastase in the cardiac cycle (B) of T. molitor pupae in 2-h intervals, registered after injection of S. nigrum
extract (1 × 10−5 M). Statistically significant differences (p ≤ 0.05, Mann-Whitney test) when compared
to control are indicated with an asterisk, n ≥ 10.

Similarly, injection of black nightshade extract did not cause significant changes in the duration of
the fast phase when compared to control values in each recording interval. During the slow phase,
a clear reduction occurred in the duration of this phase at the 6th hour by 2 min 2 s and elongation
at 2nd and 20th hour by 1 min 50 s and 1 min 43 s, respectively. At other intervals, the length of the
retrograde phases was comparable to control values. The extract of black nightshade significantly
influenced the duration of diastase but the observed effects were delayed and appeared between the
12th and 24th hour of recording (Table S2). In that period, the resting phase was shortened by an
average of 4 min and 10 s (Figure 7B).

2.4. Effects of Tomato Glycoalkaloids on the Heart Rhythm of T. molitor Pupae

2.4.1. Synthetic α-Tomatine

The major glycoalkaloid in S. lycopesicum is α-tomatine; thus, it was tested in order to evaluate
the effect of this substance to the heart rhythm of the pupae. Injection of α-tomatine caused a small
decrease in the contractile activity of the heart in the anterograde phase with an average of 10% over the
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entire registration period and a decrease in the frequency of contractions of this organ in the retrograde
phase between the 4th and 22nd hour with an average of 13% (Figure 8A).

Figure 8. Changes in the heart rate (A) and in the duration of anterograde, retrograde phases and
diastase in the cardiac cycle (B) of T. molitor pupae in 2-h intervals, registered after injection ofα-tomatine
(1 × 10−5 M). Statistically significant differences (p ≤ 0.05, Mann-Whitney test) when compared to
control are indicated with an asterisk, n ≥ 10.

α-Tomatine prolonged the duration of the anterograde phase in the second half of the circadian
cycle (between 12th and 24th hour) by 1 min on average for each interval compared to the control.
The duration of retrograde phases throughout the registration period varied from one period to the
next (Table S2). The duration of diastasis under the influence of α-tomatine, similarly to anterograde
phase, was prolonged in the second half of the recording period (between 12th and 24th hour) by 2 min
33 s on average (Figure 8B).

2.4.2. S. lycopersicum Extract

After the injection of tomato (S. lycopersicum) leaf extract, an increase in the frequency of
contractions in the anterograde phase between the 2nd and 10th hour of recording, by 26% on average,
was observed. In subsequent periods (12th–24th h), the contractile activity of the heart decreased by
15% on average in comparison to the control (Table S1). The response of the heart to the injection of the
tomato extract in the retrograde phase was slight and showed varied changes depending on the time
interval in the circadian cycle of recording (Figure 9A).

Figure 9. Changes in the heart rate (A) and in the duration of anterograde, retrograde phases and
diastase in the cardiac cycle (B) of T. molitor pupae in 2-h intervals, registered after injection of
S. locypersicum extract (1 × 10−5 M). Statistically significant differences (p ≤ 0.05, Mann-Whitney test)
when compared to control are indicated with an asterisk, n ≥ 10.

The extract obtained from tomato extended the duration of the anterograde phase in time between
the 4th and 8th hour of the registration period by 1 min and 10 s on average. In addition, the duration
of the retrograde phase increased by 1 min and 22 s average in the period between 6th and 8th hour
of registration and shortened by 20 s on average in the second half of registration (between 14th and
24th hour). The duration of diastasis in the initial hours of the registration (2nd–10th h) decreased
by an average of 2 min and 48 s and was not present (Table S2), while at later intervals (16th–24th h)
increased by an average of 3 min and 4 s (Figure 9B).
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2.5. Effects of Horseradish Glucosinolates on the Heart Rhythm of T. molitor Pupae

When the pupae were treated with the horseradish extract, a slight decrease in the frequency of
contractions over the entire registration period by 5% on average in the anterograde phase and by 10%
in the retrograde phase was noticed (Figure 10A).

Figure 10. Changes in the heart rate of T. molitor pupae in 2-h intervals registered after injection of
A. rusticana extract in concentration 1 × 10−5 M (A) together with changes in the duration of anterograde,
retrograde phases and diastasis in the cardiac cycle of these pupae after injection of this extract (1 ×
10−5 M) (B). Statistically significant differences (p ≤ 0.05, Mann-Whitney test) when compared to control
are indicated with an asterisk, n ≥ 10.

Horseradish extract did not significantly affect the duration of individual phases in the heart cycle.
Slightly extended duration time of the anterograde phase in the range from the 2nd to 4th hour of
registration was observed (Table S2). Duration of individual retrograde phases was comparable to the
corresponding values in the control. During the second half of the recording period (between the 12th
and 22nd hour), the diastase was shortened by 1 min on average in each interval (Figure 10B).

3. Discussion

Insects are increasingly used as model organisms in toxicological, pharmacological, genetic
or biomedical research. In addition to economic aspects, such as low farming costs and a short
development cycles, the arguments for using insects in experiments are the similarities which they
exhibit in relation to mammals [9,12]. Functional analogies at the molecular and cellular level between
the myocardium of the insect and the mammalian heart were shown in the research on the fruit fly D.
melanogaster, among others, by Bier and Bodmer [13] and Ocorr et al. [14]. Nowadays, other insects,
such as locusts (L. migratoria), stick insects (B. extradentatum), moths (B. mori) or beetles (T. molitor) are
used more and more often to evaluate the action of various bioactive substances, as well as to analyse
the basis and the course of some diseases [15–17].

The research conducted so far has shown that the effects of different alkaloids on animal
circulatory systems manifest, among others, through a significant increase or decrease of blood
pressure, bradycardia, reduced respiratory activity, and haemolysis. It is believed that these changes
are the result of inhibition of acetylcholinesterase activity, increase of cell membrane permeability, as
well as disruption of steroid metabolism [18]. However, no detailed data is available on the activity
of Solanaceae GAs on heart activity. To the best of our knowledge, there are only two published
reports that study cardiotropic properties of GAs on vertebrates. Bergers and Alink [19] examined
effects of α-solanine and α-tomatine in cultured beating rat heart cells and observed ceased beating
within a few minutes after the application of α-solanine (80 μg/mL) or α-tomatine (20 μg/mL). What
is interesting, is that at lower concentrations, both compounds increased the contraction frequency
of the heart cells. That indicates the high dependence of observed effects on the dose. Different
GAs have also been tested for cardiotropic activities on the isolated frog heart. This study showed
cardio-stimulatory properties of these compounds which are directly related to the kind of sugars
contained in the GAs [20]. Introduction of a new in vivo insect model (pupae of beetles) gave new
data on the potent cardiotropic activity of different GAs and GLSs. It also proved, that myocardium of
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insects can be successfully used to evaluate the cardioactive properties of various active substances,
including plant derived molecules, in relatively fast, cheap and ethically more acceptable tests.

Previous research showed that potato GAs applied as extract caused a decrease in the heart
contraction in Z. atratus beetles in in vitro conditions while two other tested species (T. molitor and
Leptinotarsa decemlineata) were resistant to these extracts [21]. Further detailed studies showed that
potato and tomato extracts applied on Z. atratus semi-isolated heart caused irreversible cardiac
arrests, while an extract from black nightshade caused fast but reversible arrests [11]. S. nigrum
extract showed also reversed inhibition of heart activity when applied on the T. molitor adult heart
in vitro. The reversible few-second heart arrest was observed after the application of extract at a
1% concentration [22]. In Z. atratus, pure commercial GAs (α-tomatine, α-chaconine, α-solanine,
solamargine, and solasonine) caused similar but less evident effects compared with extracts, whereas
in T. molitor no significant alterations after in vitro application of pure solasonine and solamargine
were observed [22]. These results supported the hypothesis that the bioactivity of tested compounds
depended on their structure and suggested the existence of synergistic interactions with the extracts [11].
Interestingly, injection of tomato and potato extracts in 1-day-old pupae (in vivo studies) of Z. atratus,
produced completely opposite effects, inducing reversible positive chronotropic effects and decreased
the duration of both phases (anterograde and retrograde) of heart contractile activity [11]. Different
results of in vivo and in vitro studies suggest indirect effects of GAs, through alterations of insect
physiology that are not known yet. These results are partially in tune with results obtained in the present
study. Most tested extracts and single substances exerted a cardiostimulatory effects (chronotropic
positive effects). Only S. nigrum extract and A. rusticana extract showed no-significant effects on the
heart cycle of T. molitor pupae. This proves that cardiostimulatory effects of GAs are not species-specific
in vivo. This was also confirmed when single synthetic substances were tested. Among six tested GAs
only tomatine did not produce some effects. However, on the contrary to the results obtained on Z.
atratus, the effects produced by S.tuberosum, S. nigrum, and S. lycopresicum extracts were similar or even
smaller than that of single substances. This indicates that in in vivo studies synergistic interactions of
major molecules are not so important for the specific effect. The reason for this is not known so far and
needs further explanation. Perhaps, the detoxifying mechanisms of the organism may be activated
more by the presence of a variety of minor toxic agents in extracts or they reveal an antagonistic effect
on the activity to the heart. Next, some other, minor substances present in the extract, may additionally
affect the effect of major substances.

All tested substances and extracts showed no-cardiotoxic activity. The most cardioactive turned out
to be chaconine. The chronotropic positive effect caused by this molecule was the strongest however, it
also strongly affected heart cycle phases, increasing the duration of diastasis. These results are different
than those obtained on the frog heart [20]. α-Tomatine showed the most potent cardiostimulatory
activity on the frog heart in comparison to α-chaconine and α-solanine. Thus, GAs may reveal
species-specific effects. However, our results support the hypothesis that the cardioactivity of Solanaceae
GAs depends on the nature of the aglycone and the number of sugar moieties rather than on the kinds
of sugars or their stereochemical configuration in the molecule [20].

Lack of cardiotoxicity of tested substances is a quite promising and interesting result and gives
new possible direction to use GAs as cardioregulatory factors supporting for example therapies
with synthetic molecules. This is also quite surprising because research performed so far showed
cytotoxic properties of Solanaceae GAs on the isolated heart cells [19]. Possibly, in vitro models give
different results compared with in vivo bioassays due to the direct interaction between the tested
substances and the cells. Also, research performed on different insect species showed that different
GAs or GAs-containing plant extracts alter the health of individuals. For example, S. nigrum alkaloids
and A. rusticana GLSs affected the development and caused imago malformations of model species
D. melanogaster [23], whereas tomato and potato GAs and their extracts interrupted the functioning of
the fat body cells of the moth Spodoptera exigua [24] and enzymes’ activity in Galleria mellonella moths [25].
Thus far, glycoalkaloids have been considered as potent bioinsecticides and cytotoxic agents rather
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than therapeutic molecules. On the other hand, Solanaceae GAs have been shown to have anticancer
activity [26,27]. However, research obtained in this study showed new pharmacological possibilities
of the tested plant-derived substances in the modulation of heart muscle activity. The results also
indicate that the method of application may play a crucial role in the mode of action and switching
from therapeutic to toxic activity. Therefore, further, more detailed analyses of the biological activity
of plant-derived substances are highly likely to bring new, valuable data and suggest their future
applications. This conclusion is strongly supported by the increasing trend of scientific interest in the
activity of GAs and GLs, observed worldwide [28,29].

4. Materials and Methods

4.1. Insects

T. molitor L. (Coleoptera: Tenebrionidae) 1-day-old pupae were obtained from a colony maintained
at the Department of Animal Physiology and Development, Adam Mickiewicz University, Poznań,
Poland, according to the procedure described previously [30].

4.2. Chemical Standards

Pure solamargine (97.5%) and solasonine (98.3%) were purchased from Glycomix (Compton,
UK), pure α-chaconine (≥95%) and α-solanine (≥95%) were obtained from Lab Service Analytica
(Bologna, Italy), while hydrate α-tomatine was supplied by Sigma–Aldrich (Taufkirchen, Germany).
Commercial α-tomatine contained dehydrotomatine as an impurity (α-tomatine:dehydrotomatine 10:1
w/w). Standards were dissolved in physiological saline for beetles (274 mM/L of NaCl, 19 mmol/L of
KCl, 9 mmol/L of CaCl2) to obtain 10−3 M concentration. Samples were stored at −20 ◦C. Immediately
before use, the dilutions of tested compounds were prepared to the desired concentration.

4.3. Plant Material and Extracts Preparation

The extracts used for bioassays were prepared from plants grown in Bari, southern Italy, according
to the previously described procedure [31]. Potato S. tuberosum L. and tomato S. lycopersicum Mill.
leaves were collected before the fruiting. Green unripe fruits were harvested from the black nightshade.
Collected plant material was immediately frozen to suppress the ripening process. Before the extraction
the leaves and fruits were stored at −20 ◦C. The extraction of alkaloids was performed with 1%
aqueous acetic acid solution. Each 1.5 g of sample of the material was placed in 20 mL of extraction
solution. In order to enhance the contact of plant tissues with the solution, the suspension was stirred
for about 2 h, and then centrifuged at 6000 rpm for about 30 min. After extraction the supernatant
was lyophilized. A. rusticana extract was prepared according to previously described protocol [32].
Lyophilized samples were dissolved in physiological saline for beetles containing 0.1% of acetic
acid to obtain 1 × 10−3 M concentration and stored at −20 ◦C before using. Immediately before use,
the dilutions of test compounds were prepared to the desired concentration (10−5 M). Stock solutions
of extracts were obtained at a concentration of 1 × 10−3 M for their main component metabolite
(α-chaconine, α-tomatine, and solamargine, respectively). The voucher specimens of all plants were
deposited at Herbarium Lucanum (HLUC, Potenza, Italy) with the ID Codes: 5809 S. tuberosum, 4433
S. lycopersicum, 2320 S. nigrum and 9197 A. rusticana.

4.4. In Vivo Heart Bioassay

The experiments were performed according to the optoelectronic technique performed previously
by Slama and Rosiński [15] and Chowański and Rosiński [33]. In brief, it uses alternating visible red
light (1–5 kHz) emitted from common light emitting diodes. The light beam is carried from the diode
to the dorsal pericardial region of the pupa through a thin outgoing optic fibre. An associated incoming
optic fibre collects the reflected pulse light (modulated mainly by movements of the heart and slightly
also by other organs) and delivers it to a phototransistor at the opposite end of the fibre. Rarely, during

205



Toxins 2019, 11, 287

the registration, very high amplitude of recorded contractions was observed, which corresponded to
the movement of other organs or the whole body—respiratory movements. These movements were
not assessed. The injection of the pupae was performed using a Hamilton syringe, puncturing the
cuticle between the 2nd and 3rd segments of the abdomen, on the dorsal side. The needle was inserted
towards the head, to a depth of about 3 mm tangentially to the surface of the body. The tested solutions
were applied in a volume of 2 μL. For the injection, alkaloids with a concentration of 1 × 10−5 M
were used, which corresponds with the final concentration in haemolymph of 10−6 M. The needle of
the syringe was left for a few seconds in the body of the insect, which accelerated the clotting of the
hemolymph and prevented the outflow from the opening after the puncture. The implanted pupae
were put aside to check for possible haemolymph loss.

4.5. Statistical Analyses

Statistical analysis was performed with GraphPad Prism 6 statistical software (GraphPad Software,
Inc., San Diego, CA, USA, PM license) using Mann-Whitney test. Significant changes were considered
as those with a p-value of p ≤ 0.05 (*). A period of around 5 to 8 min in each 2-h period of each of the
recording was assessed which correspond to adequate phase (anterograde and retrograde separately).
The data are presented as average (± SD) values obtained from n replicates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/5/287/s1,
Table S1: Percentage changes in the heart beat frequency of T. molitor pupae during 24 h recordings including
anterograde (A) and retrograde (R) phases. Red marked font presents the increase of heartbeats per minute, while
blue marked font, the decrease. Presented data includes only statistically significant results (p < 0.05). Table S2:
Percentage changes in the duration anterograde (A), retrograde (R) and diastasis (D) phases of T. molitor pupae
heart beat during 24 h recordings. Blue colored font presents the phase reduction, while red font the phase
elongation. Sign “-“ means lack of appearance of the phase. Presented data includes only statistically significant
results (p < 0.05).
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Abstract: Although Radix Aconiti Lateralis (Fuzi) is an extensively used traditional Chinese medicine
with promising therapeutic effects and relatively well-reported toxicities, the related toxic aconitum
alkaloid concentrations in major organs after its short-term and long-term intake during clinical
practice are still not known. To give a comprehensive understanding of Fuzi-induced toxicities, current
study is proposed aiming to investigate the biodistribution of the six toxic alkaloids in Fuzi, namely
Aconitine (AC), Hypaconitine (HA), Mesaconitine (MA), Benzoylaconine (BAC), Benzoylhypaconine
(BHA) and Benzoylmesaconine (BMA), after its oral administrations at clinically relevant dosing
regimen. A ultra-performance liquid chromatography-tandem mass spectrometry (UPLC–MS/MS)
method was developed and validated for simultaneous quantification of six toxic alkaloids in plasma,
urine and major organs of Sprague Dawley rats after oral administrations of two commonly used
Fuzi preparations, namely Heishunpian and Paofupian, at their clinically relevant dose for single and
15-days. Among the studied toxic alkaloids and organs, BMA demonstrated the highest concentrations
in all studied organs with liver containing the highest amount of the studied alkaloids, indicating
their potential hepatotoxicity. Moreover, tissue accumulation of toxic alkaloids after multiple dose
was observed, suggesting the needs for dose adjustment and more attention to the toxicities induced
by chronic use of Fuzi in patients.

Keywords: Radix Aconiti Lateralis preparations; short-term and long-term usage; di-ester diterpenoid
alkaloids; mono-ester diterpenoid alkaloids; biodistribution

Key Contribution: Both short-term and long-term use of Radix Aconiti Lateralis could result in
distribution of toxic aconitum alkaloids mainly in liver, while multiple dosing of Radix Aconiti
Lateralis preparations could lead to toxic aconitum alkaloids accumulation in major organs in Sprague
Dawley rats.

1. Introduction

The processed lateral root of Radix Aconiti Lateralis is known as Fuzi, an extensively used
traditional Chinese medicine in China and other Asian countries [1]. Fuzi is recognized as a treatment
for cardiovascular diseases, rheumatism arthritis, bronchitis, pains and hypothyroidism, etc. [1,2].
Among the 500 well-known traditional Chinese medicine (TCM) formulae used in clinics, approximately
13.2% include Fuzi [1]. In clinical practice, Fuzi-containing prescriptions are usually given orally,
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with 81.8% of them used at 5 g/person/day, 9.1% of them used at 10 g/person/day and the rest used at
15 g/person/day [3].

Although Fuzi has promising therapeutic effects, aconitum poisoning has been extensively
reported with 17 cases from Taiwan during 1990–99, 39 cases form Hong Kong during 2012–19, 2017
cases from mainland of China during 1989–2008, and 121 cases from Korea during 1995–2007 [4,5].
In clinical poisoning cases, the patients usually had acute onset of illness within half an hour to
several hours after consumption of Fuzi with cardiotoxic and neurotoxic effects as the main outcomes.
Cardiotoxicity symptoms included palpitation, arrhythmia with slow heart rate, and low blood
pressure. Neurotoxicity features included numbness in the oral cavity, tongue, face, extremities and
body, muscle weakness and dizziness. Arrhythmia and muscle weakness-induced breathing difficulties
may lead to death in severe cases [6].

The principal toxic ingredients in Fuzi are C19-diterpenoid alkaloids, including three di-ester
diterpenoid alkaloids (DDAs) and three mono-ester diterpenoid alkaloids (MDAs) [1,3]. As shown
in Figure 1, processing of Fuzi would make DDAs lose their acetyl group at C8 and become MDAs.
Based on their LD50 values on mice, the toxicities of MDAs were 1/700–1/100 of that of DDAs [7].
MDAs could subsequently lose the benzoyl ester group at C14 to generate non-toxic non-ester type
alkaloids (NDAs) [7–11].

Figure 1. Relationships between the studied di-ester- and mono-ester- diterpenoid alkaloids of Fuzi.

Previous mechanistic studies on Fuzi-induced toxicity mainly focused on the cardiotoxicity of the
DDAs. The DDA-induced arrhythmogenic effects, which have been frequently observed after ingestion
of Fuzi, were well recognized to be caused by activating the voltage-dependent sodium channel on the
cell membranes in excitable tissues such as myocardium [1,12–14]. More recently, other cardiotoxic
mechanisms for toxic aconitum alkaloids were proposed. Aconitine was found to be able to perturb
intracellular calcium homeostasis via Na+-Ca2+ exchange system [1] and sarco/endoplasmic reticulum
Ca2+-ATPase [12], leading to further cell apoptosis in heart [12]. Therefore, damaged intracellular
calcium homeostasis was considered as the key cause of ventricular arrhythmias of aconitine [15].
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In addition to heart, aconitine induced apoptosis was found in other organs including liver [16],
brain [17], and kidney [18].

Based on various processing methods used by Chinese medicine practitioners, there are ten types
of Fuzi preparations [19–21], among which Heishunpian and Paofupian are the most common ones and
serve as the major components in classical Chinese medicine formulae Sini Tang for acute treatment
(usually single dose) and Fuzi Lizhong Tang for sub-chronic treatment (could be as long as two weeks),
respectively. After excavation, crude Fuzi was boiled in hot water, roasted with salts and finally stained
into black slice to make Heishunpian, which could be further roasted with sands until inflated and
slightly discolored to form Paofupian [22]. It was reported that some poisoning cases occurred after
consumption of Heishunpian even at doses within its therapeutic range of 3–15 g/person/day [23].
Although compared with Heishunpian, further hydrolysis processing procedure for Paofupian is
expected to lower its toxic alkaloid contents (especially for DDAs), the toxicities of Paofupian should
not be overlooked considering its wider indications and longer period of intake.

The concentrations of the toxic alkaloids DDAs in plasma and cardiac tissue have been found
positively correlated with the cardiac toxicity after single dose of Fuzi in mice and rats [24], suggesting
that plasma concentrations of DDAs could be applied to monitor cardiac toxicities of Fuzi in clinical
practice. However, the relationship between plasma/tissue concentration of toxic alkaloids and
the other potential organ toxicity of Fuzi is largely unknown. Previous studies depicted in vivo
biodistribution of toxic alkaloids after single dose of Fuzi, while there is a lack of information on
the biodistribution profiles of toxic alkaloids after multiple dose of Fuzi preparation, leading to no
established toxicokinetic-toxicity correlation for long-term use of Fuzi. In addition, most of the previous
biodistribution studies [25,26] on Fuzi used their own Fuzi extract, and the effect of Fuzi preparations
with different processing method on biodistribution profiles of toxic alkaloids remains unclear. It is
hard to generate any conclusion without standardizing the Fuzi preparations used in the studies.

To give a more complete understanding of the biodistribution profiles of toxic alkaloids to see
how they relate to Fuzi-induced toxicities, the current study was conducted to establish an LC/MS/MS
method for simultaneous determination of six toxic aconitum alkaloids in rat plasma, urine and major
organs, followed by its application to investigate their biodistributions after single and 15-day oral
administrations of Heishunpian and Paofupian at their clinical dosing regimen in rats.

2. Results

2.1. LC/MS/MS Method Development and Validation for Simultaneous Determination of Six Toxic Aconitum
Alkaloids in Different Biological Matrix

2.1.1. Optimization of Chromatographic and Mass Conditions

The optimal parameters including precursor ion, product ion, fragmentor and collision energy
are listed in Table 1. Under such optimized MS/MS condition, the response for each analyte was high
enough for detection in biological matrix. Spectra of product ion scan on six targeted toxic alkaloids
are shown in Figure 2.

Table 1. List of selected Multiple Reaction Monitoring (MRM) parameters, fragmentor, and collision
energy for studied analytes and internal standard (IS).

Compound Precursor Ion (m/z) Product Ion (m/z) Fragmentor (mV) Collision Energy (mV)

AC 646 586 130 25
MA 632 572 150 37
HA 616 556 125 33
BAC 604 554 145 41
BMA 590 540 130 33
BHA 574 542 185 37

Berberine (IS) 336.2 320.2 130 25
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Figure 2. Product ion spectra of AC, MA, HA, BCA, BHA, BMA, and Berberine (IS).

2.1.2. Optimization of Solid Phase Extraction (SPE) Conditions for Sample Treatment

Solid phase extraction (SPE) using a mixed-mode cation-exchange (MCX) cartridge was adopted
to separate the targeted toxic alkaloids from the biological matrix in brain and liver homogenates.
According to previous published studies [27], 5% ammonium hydroxide in 70% methanol was
used to elute compounds binding on the MCX cartridge. However, by adopting such elution
method, we found the response of targeted alkaloids were not high enough for detection, due to the
extremely low recoveries of Hypaconitine (HA) and Benzoylmesaconine (BHA). Under such elution
condition, the recovery of Aconitine (AC), Mesaconitine (MA), HA, Benzoylaconine (BAC), BMA and
Benzoylhypaconine (BHA) were 75%, 86%, 9%, 39%, 48% and 0%, respectively. Therefore, a series of
eluent with different percentage of methanol ranging from 15% to 95% were tested further (data not
shown). The results revealed that the best recoveries were achieved by 5% ammonium hydroxide in
95% methanol with over 93% recoveries for all six analytes. Based on such optimization, 5% ammonium
hydroxide in 95% methanol was selected out as final eluent for solid phase extraction.

2.1.3. Method Validation

As demonstrated in Table A1, the optimized liquid chromatography tandem-mass spectrometry
(LC-MS/MS) conditions for the six toxic alkaloids could provide satisfactory linearities (r2 ≥ 0.99) in
plasma (0.5–100 ng/mL), urine (0.5–200 ng/mL) and different organs (range from 0.5 to 200 ng/mL).
Lower Limit of Quantification (LLOQs) in plasma was 0.5 ng/mL, while no higher than 2 ng/mL in
urine and different organs. The results for intra- and inter-day accuracy and precision are shown in
Tables A2–A7. The accuracy and precision of the plasma and organs assays at low, medium and high
concentrations of targeted alkaloids were within±15% bias and 15% Relative Standard Deviation (RSD),
which met the criteria set in the guidance issued by U.S. Food and Drug Administration (FDA) [28].
The extraction recoveries in biological matrices remained consistent.

The stability results were also shown in Tables A1–A7. According to the results, alkaloids concentration
detected in stability samples were within 15% of nominal concentrations after three freeze-thaw cycles,
4 h on bench top, 12 h in the auto-sampler of LC/MS/MS system, and 30 days at −80 ◦C.
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2.2. Content of Six Toxic Aconitum Alkaloids in Studied Radix Aconiti Lateralis Preparation

Contents of the six toxic alkaloids in Heishunpian and Paofupian are depicted in Figure 3. It was
found that the content of BMA was the highest among all six toxic alkaloids and the content of HA
was the highest among the studied three DDAs. It was also noted that total contents of MDAs were
much higher than those of DDAs in both Fuzi preparations with the contents of MDAs 50–5000 times
of DDAs in Heishunpian and 2000–30,000 folds of DDAs in Paofupian. Comparing the toxic alkaloids
contents in two Fuzi preparations, higher contents of toxic alkaloids were detected in Heishunpian
than that in Paofupian, especially for HA, MA, BHA and BMA. The content of AC was 12.94 ng/g in
Heishunpian, while it was not detectable in Paofupian.

Figure 3. Concentrations of AC, HA, MA, BAC, BHA, and BMA in the Heishunpian and Paofupian
crude herb (n = 3, ** p < 0.01, **** p < 0.0001, N.D.: not detectable, below the listed LLOQ of each rat
tissue in Table A1).

Based on the contents of six toxic alkaloids in two Fuzi preparations, the toxic alkaloid dosages of
30 g/kg Heishunpian in rat were: BMA (1814μg/kg), BHA (321μg/kg), BAC (254μg/kg), HA (6.61μg/kg),
AC (0.39 μg/kg) and MA (0.38 μg/kg), and the toxic alkaloid dosages of 30 g/kg Paofupian were:
BMA (1430 μg/kg), BAC (227 μg/kg), BHA (150 μg/kg), HA (0.07 μg/kg), MA (0.05 μg/kg) with no
detectable AC.

2.3. Biodistributions of Toxic Aconitum Alkaloids after Oral Administrations of the Studied Radix Aconiti
Lateralis Preparations

Toxic alkaloid concentrations in rat tissues after oral administrations of 30 g/kg Heishunpian and
30 g/kg Paofupian both for single dose and multiple dose to rats are illustrated respectively in Figure 4.
The contents of AC and MA in all the tested tissues of all treatment groups were below their detection
limits and therefore are not shown in Figure 4.

Consistent with their contents in the dosed Fuzi preparations (Figure 3), the contents of DDAs
in all the tested tissues are lower than those of MDAs (Figure 4a,b). Three types of MDAs could be
detected in the majority of the organs regardless giving either single dose or multiple dose of both two
Fuzi preparations (Figure 4a,b). The biodistribution levels of three MDAs into rat tissues followed the
order of BMA >> BHA ≈ BAC (Figure 4a,b). In terms of DDAs, HA was the only detectable one after
single dose of Heishunpian (Figure 4a), while no DDA can be detected after single or multiple dose of
Paofupian due to the extremely low contents of DDAs in the administrated Paofupian (Figure 3).

Among all the studied organs, liver contained highest amount of all detectable toxic alkaloids.
Closely following liver, kidney contained relative high concentration of toxic alkaloids. Only once
exception occurred in biodistribution of BHA after multiple dose of Paofupian, where concentration of
BHA in kidney went beyond that in liver.
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Figure 4. Profiles of HA, BAC, BHA, and BMA in rat plasma and different organs at 2 h after both bolus
dose and 15-day consecutively dose of (a) Heishunpian and (b) Paofupian at 30 g/kg to rats (n = 8,
** p < 0.01, **** p < 0.0001, N.D.: not detected, below the listed LLOQ of each rat tissue in Table A1).

In addition to plasma and organs, concentration of toxic alkaloids in urine had also been tested.
Althought no difference was shown after single or multiple dose of Paofupian, after oral administration of
Heishunpian, more numbers of studied toxic alkaloids could be detected in urine sample (all toxic alkaloids
for single dose, four toxic alkaloids for multiple dose) than that in plasma sample (four toxic alkaloids for
single dose, three toxic alkaloids for multiple dose). Furthermore, concentrations of toxic alkaloids in urine
were 10–80 times higher than those in plasma after dosing Heishunpian or Paofupian to rats.

Tissue accumulation of MDAs due to long-term treatment–giving Heishunpian or Paofupian
preparation once daily for consecutive 15 days–was clearly observed (Figure 4a,b). Compared with
single dose, multiple dose of Heishunpian resulted in higher concentrations of MDAs in liver, kidney
and heart (Figure 4a). Similarly, multiple dose of Paofupian resulted in more content of BAC in liver or
BHA in kidney, and BMA in four major organs except brain (Figure 4a). Considering the only variable
behind such comparison was treatment duration, it was reasonable that attributing higher content of
toxic alkaloids in rat tissues to longer treatment duration, or more dosing times in other words.

2.4. Comparison of Dose-Normalized Toxic Aconitum Alkaloid Contents in Rat Plasma, Urine and Major Organs

Since the doses of each toxic alkaloids in two Fuzi preparations varied, the contents of toxic
alkaloids in each organ were normalized by their individual doses as shown in Table 2 (single dose)
and Table 3 (multiple dose). The detected DDAs had higher dose-normalized contents than MDAs in
plasma, urine, and major organs including liver, kidney and heart, which was more evident in rats
after giving single dose of Heishunpian. In addition, the dose-normalized contents of all detectable
toxic alkaloids in different rat organs were in the order of liver > kidney ≈ heart > brain.

Dose-normalized toxic alkaloid contents in each organ were adopted for comparison of the
biodistribution of toxic alkaloids between two different Fuzi preparations, Heishunpian and Paofupian.
It could be summarized from Table 2 that the dose-normalized total toxic alkaloids contents in rat
tissues (plasma, urine, liver, kidney and heart) from single dose of Heishunpian treated group were
significantly higher than that from single dose of Paofupian treated group. Table 3, where gave the
dose-normalized content of toxic alkaloids after multiple dosing of Fuzi preparations, demonstrated
that compared with Paofupian, toxic alkaloids from Heishunpian could more easily distribute to rat
liver, kidney, brain as well as more possibly be detected in rat urine preparation.
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3. Discussion

Existing studies mainly focused on cardiac toxicities induced by DDAs from Fuzi. Mechanisms
behind DDAs-induced arrhythmogenic effects have been well elaborated [1,12–15], and the relationship
between DDAs concentrations in heart tissue and cardiac toxicity has been established [24].
However, only few studies have mentioned the hepatic and renal toxicities of Fuzi [16,18]. Furthermore,
there has been a lack of information on concentrations of major toxic alkaloids in liver and kidney after
both short-term and long-term intake of Fuzi preparations. Therefore, the current study for the first
time investigated the biodistributions of the six DDAs and MDAs from commonly used processed
Fuzi preparations after both single and multiple oral administrations in rats at the their clinically
relevant doses. Such preclinical tissue distribution profiles were expected to provide us with better
understanding of in vivo distribution behaviors of these alkaloids for more in-depth investigation of
their toxicities and safer use of Fuzi. The current LC/MS/MS analytical method achieved simultaneously
detection of all six toxic aconitum alkaloids across urine, plasma, and four major organs, providing a
wider range of application with higher efficiency than previous analytical methods which were applied
to detect fewer types of toxic alkaloids in urine or plasma only [29,30].

Different contents of six alkaloids in the two studied Fuzi preparations were highly related to
different processing procedure of Heishunpian and Paofupian. Paofupian had one more step of
roasting with sands to do from Heishunpian. Long time high temperature condition facilitated the
hydrolyzation of DDAs and MDAs to MDAs and NDAs [10]. As a result, there were less DDAs and
MDAs in Paofupian, explaining why traditional Chinese medicine prefer Paofupian for long-term
treatment. Percentages of DDAs in Heishunpian and Paofupian were determined to be 2.46 × 10−5%,
and 4.11 × 10−7% respectively. The DDA contents in both two preparations were much less than
0.01%—the criteria listed in 2015 Chinese Pharmacopoeia [31]. Therefore, the tested Heishunpian and
Paofupian met the criteria in 2015 Chinese Pharmacopoeia. In contrary to the extremely low contents
of DDAs, the contents of MDAs were 300 and 15,000 folds higher in Heishunpinan and Paofupian
respectively, leading to relatively high dose of the toxic MDAs in this two Fuzi preparation.

Our biodistribution data for the first time revealed the effect of long-term dose of Fuzi preparations
(both Heishunpian and Paofupian) on the biodistribution profiles of toxic alkaloids. It was found that
long-term exposure of Fuzi preparation could lead to significant accumulation of MDAs in liver, kidney
and heart, while no accumulation was found for DDAs. Since the phase I and phase II metabolic rate of
MDAs in human liver microsome are less than 10% [32], the accumulation of MDAs in the major organs
may not be related to altered metabolic enzyme activities. On the other hand, altered activities of
transporters [33] and impaired organ functions might be the reasons responsible for such accumulation,
which warrants further investigation on the underlining mechanism. Our novel findings on the
accumulation of MDAs in liver, kidney and heart after ingestion of Fuzi preparations suggested higher
risk of organ injury when Fuzi was used for sub-chronic treatment over 15 days.

As shown by the contents of toxic alkaloids in the two Fuzi preparations (Figure 3), the doses
of MDAs were 300–15,000 folds higher than those of DDAs. As a result of the high doses,
MDAs demonstrated the remarkably higher amounts in plasma, urine and major organs regardless of
the treatment duration compared with DDAs. Based on the reported LD50 for a single oral dose of
MDAs in mice (0.81 g/kg for BMA, 1.50 g/kg for BAC, and 0.83 g/kg for BHA [7]), MDAs were also
toxic and lethal. The high in vivo exposure and the marked cumulation of MDAs in organs suggested
the toxicity of MDAs warranted further attention and investigation.

In addition, our findings also revealed that the biodistributions of six toxic alkaloids from the
two Fuzi preparations still differed from each other even after dose normalization, (Tables 2 and 3).
Such difference between Heishunpian and Paofupian was highly possibly due to composition and
relative ratio changes of co-occurring components existing in Heishunpian and Paofupian. Different
processing procedures and substances introduced during decoction and roasting, such as sand and
salt, may give further explanation of co-occurring component’s source in Heishunpian and Paofupian.
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It was also noted that the dose-normalized contents of DDAs were higher than those of MDAs in
majority of studied organs (Tables 2 and 3). One of the explanations for such phenomena could be the
higher lipophilicities of DDAs compared with that of MDAs (calculated LogP by ALOGPS 2.1 software
of studied six toxic alkaloids are 1.68 for AC vs 1.09 for BAC, 2.07 for HA vs 1.35 for BHA, and 1.37 for
MA vs 0.69 for BMA,), which may potentially result in higher membrane permeability, higher tissue
binding affinity and less excretion. Moreover, the toxicities of DDAs was around 1000-fold stronger
than MDAs, according to their LD50 values [7]. Therefore, due to their higher recoveries in organs and
more potent toxicity compared with MDAs, the quality control on the contents of DDAs was essential
to avoid Fuzi-induced toxicity. Apart from quality control, sufficient decoction time of Fuzi crude herb
which allowed effective hydrolysis of DDAs to MDAs was necessary.

Our findings on higher possibility of toxic alkaloids occurrence in urine sample when compared
to plasma sample provided a reasonable explanation of a previous clinical poisoning case [1] reported
that concentration of toxic alkaloids in urine was much higher than those in blood and supported urine
test for Fuzi poisoning diagnosis in clinic.

Last but not the least, current findings confirmed that the toxic alkaloid levels were remarkably high
in the liver and kidney, relatively low in the heart and blood with only a trace amount recovered in the
cerebrum, consistent with previous biodistribution result in clinical poisoning cases [34] and preclinical
studies [25,26]. However, it should be emphasized that they gave extremely high dose of Fuzi extract
ranging from 0.2–10 g/kg [35,36] or pure toxic alkaloid such as AC or HA ranging from 0.1–2 mg/kg [37,38]
to rats. Differently, 30 g/kg of Fuzi used in our study referred to reported maximum dose in clinics [39].
Different from others using organic solvent to extract Fuzi [40], current study mimicked patient’s intake
habit that suspending the granule in hot water and stirring well. Hepatotoxicity and nephrotoxicity
caused by Fuzi have been previously evidenced by upregulated cell apoptosis factor [16], dose-dependent
edema in liver tissue, high level expression of Alanine Aminotransferase (ALT), Aminotransferase (AST)
and Lactate Dehydrogenase (LDH) in serum [41] after oral administrations of Fuzi extract or pure toxic
alkaloid compounds. Current results gave a warning that hepatotoxicity and nephrotoxicity caused
by Fuzi preparations—no matter if taken at one time or multiple times—are worthy of closer attention
in clinical practice. Our current study revealed the remarkably high tendency of the toxic alkaloids to
distribute into the liver after oral ingestion of Fuzi at a clinically relevant dosing regimen, which could
partially explain the hepatotoxicity reported in previously conducted studies.

4. Conclusions

The current developed and optimized LC/MS/MS method for quantitative determination of the
six toxic aconitum alkaloids was specific and sensitive for biodistribution study in rats. Among the six
toxic alkaloids, BMA had the highest content in the investigated Fuzi preparation, which also led to its
highest content in rat tissues.

Our current study for the first time demonstrated not only the remarkably high tendency of toxic
aconitum alkaloids distributing into the liver and kidney, but also their significant accumulation in major
organs after long-term oral administrations of the Heishunpian and Paofupian concentrated granules at
clinically relevant dosage to rats. Therefore, clinical use of Fuzi in patients with sub-chronic and even
chronic disease may need more precise adjustment on dosage and more attention to liver injury induced
by Fuzi. Additionally, our study revealed that co-occurring components existing in Heishunpian increase
the in vivo exposure and tissue content of six toxic aconitum alkaloids existing in Fuzi.

5. Materials and Methods

5.1. Materials, Reagents and Animals

All the reagents used in the current study were at least of analytical grade. Formic acid was supplied
by BDH Laboratory Supplied Ltd. (Kampala, Ukraine). Acetonitrile and methanol were purchased from
RCI Laboscan Ltd. (Bangkok, Thailand) and both of them were HPLC-grade. Deionized water was
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used for the preparation of all solutions. Six toxic aconitum alkaloids, including aconitine, hypaconitine,
mesaconitine, benzoylaconine, benzoylhypaconine and benzoylmesaconine, and Berberine hydrochloride
which was used as internal standard (IS) were all purchased from Sigma-Aldrich (St. Louis, MO, USA).
Heishunpian or Paofupian concentrated granule were obtained from Purapharm Co., Ltd. (Hong Kong
SAR, P. R. China, Batch Number A1601163 for Heishunpian, A1701434 for Paofupian).

Adult male Sprague Dawley rats (weighing 200–220 g) were supplied by the Laboratory Animal
Services Centre, the Chinese University of Hong Kong, HKSAR, China. This study was approved on
9 February 2018 by the Animal Experimentation Ethics Committee of the university (Reference No.
17/219/HMF-5-B).

5.2. Chromatographic and Mass Spectrometric Conditions

Separation and quantification of DDAs including Aconitine (AC), Hypaconitine (HA), Mesaconitine
(MA), MDAs including Benzoylaconine (BAC), Benzoylhypaconine (BHA), Benzoylmesaconine (BMA)
and internal standard (Berberine) were performed on Agilent 1290 Ultrahigh performance liquid
chromatograph coupled to an Agilent 6430 Triple Quad LC/MS (UPLC–MS/MS) with electrospray
ionization (ESI) (Agilent Technologies Inc., Santa Clara, CA, USA). A Waters Acquity UPLC BEH C18
column (2.1 × 50 mm, 1.7 μm, Waters Corporation, Milford, MA, USA) was used for chromatographic
separation. The mobile phase was composed of an aqueous solution of 0.1% formic acid (Solvent A) and
acetonitrile containing 0.1% formic acid (Solvent B). The gradient profile was as follows: 0–4 min with a
linear gradient of B from 10 to 45 % and 4–8 min with a linear gradient of B from 45 to 70%, for 8–9 min
the composition of B is maintained at 70%, finally the column was re-equilibrated. The flow rate was
0.15 mL/min. The injection volume was 10 μL. The entire eluent was ionized via an ESI source operating
in the positive mode and monitored by MS/MS detection in the multiple reaction monitoring (MRM)
mode. The optimization of the MS/MS conditions were conducted by directly injecting the individual
analyte solutions in methanol at a concentration of 500 ng/ml with a mobile phase composition and
flow rate equivalent to those at the time the analyte would elute from the UPLC column.

5.3. Preparation of Standard Solution and Quality Control Samples

Tested alkaloid (1 mg) was dissolved in 1 mL 50% methanol in water (v/v, containing 2.5% formic
acid) to obtain a stock solution (1 mg/mL). The stock solutions of each tested alkaloid were then mixed
accordingly to obtain a stock solution containing 1 mg/mL of each toxic alkaloid.

The stock solutions with mixed alkaloids were diluted with 50 % methanol in water (v/v, containing
2.5% formic acid, for quality control (QC) samples in granule content determination) or deionized
water (for QC samples in rat tissue content detection to a series of concentration level ranging from
0.5–1000 ng/mL). Detailed concentration levels depended on sample content in various matrix to be
tested as shown in Tables A2–A7.

5.4. Sample Preparations

All the collected organs were homogenized with two volumes normal saline containing 1 mmol/L
hydrochloric acid to obtain the relevant homogenate.

After centrifuging blood at 8000 rpm for 3 min, 300 μL plasma was obtained for further protein
precipitation with 600 μL acetonitrile according previous description [42]. In addition, collected urine
sample (300 μL) and organ homogenate from kidney (300 μL) and heart (300 μL) were also subject to
precipitate protein with 600 μL acetonitrile. All the above mixtures were centrifuged at 13,000 rpm for
10 min to obtain the supernatant.

For liver and brain sample preparations, 300 μL of their homogenate was loaded to MCX
cartridge (Oasis® Part Number 186000252). After washing the cartridge with 1 mL of 0.1 M HCl in
H2O followed by 1 mL of methanol, the analytes were eluted with 750 μL methanol containing 5%
ammonium hydroxide.
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All the supernatant or eluent resulted from above sample treatment experienced dryness under a
stream of nitrogen gas. The residues were reconstituted with 100 μL 50% methanol containing 2.5%
formic acid with 10 μL of which injected to LC/MS/MS for analyses of the six toxic alkaloids.

5.5. LC/MS/MS Method Validation

The method developed was validated based on the guidelines provided by U.S. Food and
Drug Administration (FDA) [28], including specificity, linearity, lower limit of quantification (LLOQ),
accuracy, precision, recovery, matrix effect, and stability.

5.5.1. Specificity

The specificity of the method was conducted by comparing the chromatographs of blank rat
plasma, urine and organ homogenate samples with that of blank rat samples spiked with standard
solutions and rat plasma/brain homogenate after oral administration of Heishunpian or Paofupian.

5.5.2. Linearity and Sensitivity

Calibration samples were prepared as described in Section 5.3. The calibration curves were
obtained by plotting the ratio of peak area of six toxic alkaloids to IS against the concentration of six
toxic alkaloids. The coefficient of determination (r2) was calculated, which with a value greater than
0.99 was considered as an indicator of good linearity. The lower limit of quantification (LLOQ) was
defined as the lowest concentration of the calibration curve with a signal-to-noise (S/N) peak ratio
greater than 5:1.

5.5.3. Accuracy and Precision

The intra-day accuracy and precision test were conducted by analyzing QC samples at nominal
concentrations (described in Tables A2–A7) with at least 5 replicates for each concentration within one
day. The inter-day accuracy and precision were determined on three days separately. Accuracy and
precision should be within ± 15% bias and 15% RSD respectively.

5.5.4. Recovery and Matrix Effect

The recovery of extraction was determined by the peak area of six toxic alkaloids spiked with the
biological matrices followed by extraction against the peak area of six toxic alkaloids spiked to the extracted
biological matrices. The matrix effects caused by different biological matrix including plasma, urine, liver,
kidney, brain and heart homogenate were calculated by comparing the standard curve in above biomatrix
with that in 50% methanol in water (v/v, containing 2.5% formic acid). Recoveries and matrix effects of six
toxic alkaloids at the levels of Limit of Quantification (LOQs), Middle of Quantification (MOQs) and High
of Quantification (HOQs) should be consistent and reproducible.

5.5.5. Stability

Freeze-thaw stability test was conducted by putting the QC samples (prepared in Section 5.3) to
three cycles of freeze (−80 ◦C) thaw (25 ◦C) before extraction. The stability of six toxic alkaloids at
bench top and in the auto-sampler were conducted after sample extraction on the bench (25 ◦C) for 4 h
or in the auto-sampler (8 ◦C) for 12 h respectively. Long-term stability of six toxic alkaloids was tested
after keeping sample at −80 ◦C for 30 days.

5.6. Application of the Developed LC/MS/MS Method for Biodistribution Study of Radix Aconiti Lateralis
Preparations in Rats

5.6.1. Quality Control of the Studied Radix Aconiti Lateralis Preparations

Heishunpian or Paofupian concentrated granules are most frequently prescribed Fuzi processing
products in local clinics. Based on content analyses of DDAs in Fuzi processed products in 2015 edition
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Chinese Pharmacopoeia [29] and the concentrated ratio of current Heishunpian or Paofupian granules
to its processed herb equals (1:5), the contents of DDAs in the granules were analyzed as follows to
compare with the criteria in 2015 Chinese Pharmacopoeia.

About 5 g concentrated granules were firstly suspended in 10 mL 50% Methanol which containing
2.5% formic acid, then sonicated at 25 ◦C for 30 min. Filtrating through 0.45μm polypropylene filter, filtrate
was divided into two part. One of filtrate (200 μL) was mixed with 200 μL 20 ng/mL internal standard
then injected into LC/MS/MS spectrometry, focusing on DDAs quantification. The other filtrate need be
20 times diluted before mixing with internal standard, focusing on MDAs detection. The content of DDAs
come from per gram Fuzi processed herb will be indicated as DDAs percentage (%) and calculated by
following Equations (1–2) for its comparison with those criteria for Fuzi processed product:

DDAs percentage (%) =
Content of DDAs in per gram concentrated granule

Concentrated ratio
× 100% (1)

Concentrated ratio = 5 (2)

5.6.2. Animal Studies

Commercially available concentrated granules of Heishunpian and Paofupian were orally given
to Sprague Dawley rats (n = 8 for each group) at a bolus of 6 g/kg (equivalent to 30 g/kg crude herb) for
both one time and once daily lasting 15 days.

To mimic clinical use of Fuzi preparations, 5 g concentrated granule of Heishunpian and Paofupian
(Batch number A1601163 and A1701434 respectively) were suspended in 10 mL boiling water followed
by sonication until evenly suspense in water. Since reported cardiotoxicity usually happened at 1–2 h
post-dosing [2,14], two hours after the single dose of Fuzi preparations or two hours after the oral
administration of Fuzi preparations on the last day for multiple dosing, rats were sacrificed followed
by collection of blood and organs including liver, kidney, heart, and brain after cardiac perfusion with
150–200 mL saline. For single dose of Heishunpian or Paofupian, urine from each rat was collected
using metabolic cage during the period from dosing to sacrificing. For multiple dose of above Fuzi
preparations, urine from each rat was collected using metabolic cage during the period from dosing on
Day 15 to sacrificing. All collected samples were treated as described in Section 5.4 and analyzed by
the developed and validated LC/MS/MS method shown in Section 5.2.

5.7. Data Analyses

Toxic alkaloid contents were expressed as the mean ± standard deviation. To give further
explanation to biodistribution results, dose-normalized content of toxic alkaloid in each organ is
calculated using following Equations (3)–(5). For Paofupian treated group, the dose on last day was
served as dosed alkaloid content to calculate dose-normalized content of toxic alkaloid in each tissue.

Partition coefficient parameter (LogP) of studied six toxic alkaloids from Fuzi was calculated
using ALOGPS 2.1 software.

Dose normalized content of toxic alkaloid =
Detected Alkaloid content

Dosed Alkaloid content
(3)

Detected Alkaloid content (ng) = detected Alkaloid conc.(ng/g) × tissue weight (g) (4)

Dosed Alkaloid content (ng) = granule alkaloid conc.(ng/g) × dosed granule content (g) (5)

Author Contributions: Conceptualization, Z.Z., K.H.O., W.S.Y. and M.Y.; methodology, X.J. and M.Y.; formal
analysis, X.J. and M.Y; writing—original draft preparation, X.J.; writing—review and editing, Z.Z., M.Y and X.J.

Funding: This research was funded by Health and Medical Research Fund (15161541) by the Food and Health
Bureau, Hong Kong SAR, P. R. China.
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Abstract: Epichloë endophytes have been used successfully in pastoral grasses providing protection
against insect pests through the expression of secondary metabolites. This approach could be
extended to other plant species, such as cereals, reducing reliance on pesticides. To be successful,
the selected endophyte must express secondary metabolites that are active against cereal insect
pests without any secondary metabolite, which is harmful to animals. Chanoclavine is of interest
as it is commonly expressed by endophytes and has potential insecticidal activity. Investigation of
possible mammalian toxicity is therefore required. An acute oral toxicity study showed the median
lethal dose of chanoclavine to be >2000 mg/kg. This allows it to be classified as category 5 using
the globally harmonized system of classification and labelling of chemicals, and category 6.1E using
the New Zealand Hazardous Substances and New Organisms (HSNO) hazard classes, the lowest
hazard class under both systems of classification. A three-week feeding study was also performed,
which showed chanoclavine, at a dose rate of 123.9 mg/kg/day, initially reduced food consumption
but was resolved by day seven. No toxicologically significant effects on gross pathology, histology,
hematology, or blood chemistry were observed. These experiments showed chanoclavine to be of low
toxicity and raised no food safety concerns.

Keywords: chanoclavine; toxicology; subchronic feeding study; acute toxicity; endophyte; Epichloë

Key Contribution: Acute and subchronic toxicity testing of chanoclavine on mice raised no food
safety concerns.

1. Introduction

Epichloë endophytes are fungal symbionts of cool-season grasses that produce a diverse array of
secondary metabolites. One such association, between Epichloë festuca var. lolii (formerly Neotyphodium
lolii) and perennial ryegrass (Lolium perenne) is essential for the plants survival in New Zealand
agricultural conditions [1]. This is due to the expression of secondary metabolites, such as peramine,
which protect the plant from insect attack [2–4]. Similarly, the association between E. coenophiala
(formerly N. coenophialum) and tall fescue (Lolium arundinaceum (Schreb.) Darbysh (syn Festuca
arundinacea)) is of vital importance to farming systems in the USA because expression of the loline
alkaloids confers insect resistance [5–7]. Unfortunately, in addition to these beneficial secondary
metabolites, endophytes can also produce compounds that cause animal disease. In New Zealand,
livestock grazing the naturalised (wild-type or common-toxic) ryegrass–endophyte association can
develop the neurological disease ryegrass staggers caused by the compound lolitrem B [8,9]. In the
USA, the naturalised fescue–endophyte association is responsible for heat stress of cattle and sheep,
fescue-foot syndrome of cattle, as well as animal production issues, which are induced by ergot-alkaloids,
including ergovaline [10–12]. To harness the beneficial effects of endophytes on insects while minimising
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the detrimental effects on livestock, research has focused on the screening of endophytes found in
other grasses from around the world. Endophytes with a favourable chemical profile can be selected
and inoculated into commercial grass cultivars. This method has been successful, and a number
of perennial ryegrass and tall fescue products are now commercially available that contain selected
endophytes, which provide superior animal safety and pasture persistence and production compared
to the naturalised endophyte–grass associations [1].

Because of the success of selected endophyte technology in the pastoral sector, it has been
hypothesised that this approach could be used in other plant species such as cereals [13]. Asexual
Epichloë endophytes have been found to be naturally occurring in Hordeeae grasses, although they
are not present in modern cereal grasses. Hordeeae grasses such as wheat (Triticum aestivum), barley
(Hordeum vulgare), and rye (Secale cereale) are essential components of both human and domestic animal
diets [14], but the current production of these cereal crops is reliant on the use of pesticides. As an
alternative, development of endophytic cereals has the potential to provide crops with protection
against insect pests with a reduced reliance on synthetic chemicals. However, for this approach to
be successful, the selected endophyte must not only provide insect resistance but also be safe for
consumption. In our research, a number of fungal endophytes have been isolated from wild relatives
of modern cereals (Elymus and Hordeum) [13]. The targeted endophytes are those that do not express
known animal toxins such as lolitrem B and ergovaline, but that do express compounds that are active
against insects such as the lolines and peramine. Lolines are not associated with toxicity of grazing
animals [15,16]. A short-term toxicity study using mice raised no toxicity issues [17], suggesting that
these compounds are an appropriate target.

In addition to lolines and peramine, the clavines may be another class of compounds to target
for inclusion into cereals. Clavines are the simplest compounds of the ergot-alkaloid class produced
by the early steps of the ergot-alkaloid biosynthetic pathway, which then progresses to produce
lysergic acid and its amides and ultimately the highly complex ergopeptines such as ergovaline [18].
Some endophytes express only clavine compounds, and others express the whole range of ergot-alkaloid
derivatives. It is often found that compounds such as chanoclavine (of the clavine class) can accumulate
to be at a similar concentration as the ergopeptine alkaloids. This inefficient flow of intermediates
to the biosynthetic end product is unusual, and it has been hypothesised that intermediates, such as
chanoclavine, may provide some benefit to the endophyte or to its host plant [19,20]. While it is
known that ergovaline has an effect on some insect pests such as the African black beetle (Heteronychus
arator) [21], research into the effects of chanoclavine (Figure 1) is limited. While initial research suggests
that ergot-alkaloids of the clavine class may be less effective in reducing insect damage than the
animal-toxic ergopeptine class, the clavines have been shown to deter the feeding of fall armyworm
(Spodoptera frugiperda) [22]. Ergovaline is well documented to cause fescue toxicosis, which is associated
with a dramatic lowering of serum prolactin levels in grazing animals [12]. In vitro testing of ergovaline
and chanoclavine on cultured anterior pituitary cells showed that ergovaline lowered prolactin secretion
at a concentration of 0.5 nM, whereas an effect of chanoclavine was observed only at a concentration
of 1000 nM [23]. This suggests that chanoclavine is unlikely to have a significant effect on serum
prolactin levels in grazing animals, and there are no documented reports of animal toxicity induced
by chanoclavine.

Further insect testing would be required to determine whether endophytes that produce clavines,
such as chanoclavine, should be actively targeted for inclusion into cereal crops. However, if the clavines
are found to deter insects, it would be equally important to determine whether these compounds have
any mammalian toxicity. Even if it is found that the bioactivity of the clavines is low, information on
the toxicity of chanoclavine is important because this compound can be produced by endophytes,
which express lolines and peramine without lolitrem B or ergovaline, and are therefore of interest
to the cereal endophyte research program. The objective of this study was to provide preliminary
information on the toxicity of chanoclavine by performing an oral, acute toxicity determination as well
as a three-week subchronic feeding study in mice.
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Figure 1. Structure of chanoclavine.

2. Results

2.1. Acute Toxicity Testing

All five mice dosed with chanoclavine at the limit dose (2000 mg/kg) survived, although some
signs of neurotoxicity were observed in three of the five mice. Tremors were detected in two mice,
and movement was characterised by splaying of the back legs. Time of onset of these toxic symptoms
was between 1 and 5 h post-dosing, but the mice were moving and feeding normally by 24 h. One further
mouse exhibited a weak grip 4 h post-dosing, but this was resolved within 2 h. The appearance,
behaviour, and growth of all mice remained normal throughout the subsequent 14-day observation
period. No abnormalities were observed in any of the animals at necropsy.

Results of the acute oral toxicity testing of chanoclavine indicated that the median lethal dose
(LD50) was greater than the given dose rate of 2000 mg/kg. In accord with OECD (Organisation of
Economic Co-operation and Development) guideline 425, this dose rate was the limit dose such that
further dosing at higher rates was not required. A median lethal dose of greater than 2000 mg/kg
allowed classification of the oral toxicity of chanoclavine as category 5 using the globally harmonized
system of classification and labelling of chemicals (GHS) [24]. Using the New Zealand HSNO hazard
classes, this equates to category 6.1E [25].

2.2. Short-Term Toxicity Study

2.2.1. Analysis of Mouse Diet

Taking into account moisture content of the prepared diet, the theoretical concentration was
563 μg/g chanoclavine. Analysis of the three diet chunks taken from the prepared discs yielded
concentrations of 565 μg/g (100%), 629 μg/g (112%), and 565 μg/g (100%). This indicated that
chanoclavine was stable through the diet-making process and was present in a homogenous manner
throughout the prepared diet.

2.2.2. Clinical Observations and Appearance

The appearance, movement, and behaviour of all mice remained normal throughout the
experimental period.

2.2.3. Bodyweight and Food Consumption

Ergovaline is well recognised to reduce food intake in a range of animals including cattle, birds,
rabbits, and small mammals [26–28]. An experiment using perennial ryegrass-Neotyphodium sp.
Lp1 with altered ergot alkaloid profiles (due to the knockout of endophyte genes) showed that
endophyte-infected plants, devoid of ergot-alkaloids, were preferred by rabbits over endophyte-free
plants. This preference was reduced in plants containing either all of the ergot-alkaloids (ergopeptines
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and clavines) or in those containing only clavines. However, only those plants containing ergovaline
were shown to affect food consumption of rabbits [29]. In the current experiment, which used diets
of far higher chanoclavine concentrations than those used by Panaccione (2006) (563 μg/g compared
with 1.2 μg/g), food intake of the male and female mice fed a diet containing chanoclavine was lower
compared with those fed a control diet in the initial stages of the experiment. However, by day seven,
there was no difference in the food intake per gram of bodyweight for mice fed the two different
treatment diets, and when expressed in this way, there was no overall treatment effect for the male
(p = 0.221) or female (p = 0.228) mice (Figure 2). This initial food intake difference was reflected in the
mouse bodyweights although, overall, there was no treatment effect on the bodyweights of the male
(p = 0.139) or female (p = 0.141) mice (Figure 3).

( ) ( ) 

Figure 2. Food consumption of (a) male and (b) female mice fed control (�) and chanoclavine (�,
563 μg/g) diets.

( ) ( ) 

Figure 3. Bodyweights of (a) male and (b) female mice fed control (�) and chanoclavine (�, 563 μg/g)
diets. Error bars represent standard errors of the mean but are too small to be visible in some cases.

234



Toxins 2019, 11, 249

2.2.4. Hematological and Serum Biochemical Data

The hematological and serum biochemical data for day 21 are presented in Tables 1 and 2.
The only statistically significant difference observed in the hematological data was a higher neutrophil
percentage in the female mice fed a control diet compared with those fed a diet containing chanoclavine.
The only statistically significant difference observed in the serum biochemical data of male mice
was that the levels of total bilirubin were higher in control mice compared with those fed a diet
containing chanoclavine. For the female mice, a statistically significant difference was observed in
the concentrations of total protein and albumin, which were higher in mice fed a diet containing
chanoclavine compared with those fed a control diet. These differences were not considered to be
toxicologically meaningful.

Table 1. Hematology data from mice fed treatment diets for 21 d.

Item Control 1 Chanoclavine 1 SED p-Value

Males
HCT (L/L) 0.46 ± 0.01 0.47 ± 0.01 0.01 0.620
HB (g/L) 140.8 ± 3.6 142.8 ± 4.9 2.72 0.483

RBC (×1012/L) 8.8 ± 0.30 8.9 ± 0.4 0.21 0.527
MCV (fL) 52.8 ± 1.5 53.2 ± 1.3 0.88 0.663
MCH (pg) 16.2 ± 0.4 16.2 ± 0.4 0.28 1.000

MCHC (g/L) 303.8 ± 2.6 303.6 ± 4.6 2.35 0.934
WBC (×109/L) 10.3 ± 1.6 10.4 ± 1.7 1.06 0.884
Neutrophil (%) 17.6 ± 1.5 19.4 ± 7.5 3.42 0.613

Lymphocyte (%) 75.8 ± 5.2 69.6 ± 8.9 4.62 0.216
Monocyte (%) 3.2 ± 1.6 4.8 ± 1.5 0.99 0.145
Eosinophil (%) 3.0 ± 2.0 3.0 ± 1.9 1.23 1.000
Basophil (%) 0.4 ± 0.6 3.2 ± 7.2 3.21 0.408

Females
HCT (L/L) 0.47 ± 0.01 0.49 ± 0.04 0.02 0.213
HB (g/L) 145.4 ± 1.3 151.0 ± 12.5 5.61 0.347

RBC (×1012/L) 8.9 ± 0.1 9.4 ± 0.8 0.35 0.149
MCV (fL) 52.8 ± 0.8 51.8 ± 1.3 0.69 0.187
MCH (pg) 16.4 ± 0.5 16.0 ± 0.0 0.25 0.141

MCHC (g/L) 311.0 ± 3.7 308.6 ± 3.0 2.14 0.294
WBC (×109/L) 7.4 ± 2.1 8.5 ± 1.9 1.27 0.405
Neutrophil (%) 13.6 ± 3.1 a 9.4 ± 1.7 b 1.59 0.029

Lymphocyte (%) 78.0 ± 3.7 81.4 ± 2.4 1.97 0.122
Monocyte (%) 3.6 ± 1.1 4.0 ± 1.6 0.87 0.659
Eosinophil (%) 4.8 ± 1.3 4.6 ± 0.9 0.71 0.784
Basophil (%) 0.0 ± 0.0 0.6 ± 1.3 0.60 0.347

1 Values are means ± standard deviation (n = 5). Fisher’s least significant difference was used to compare treatment
means. Two means that have no letter in common are statistically different at the 5% level. If no letters are given,
the overall p-value was not statistically significant at the 5% level. HCT, hematocrit value; HB, hemoglobin level;
MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration.
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Table 2. Serum biochemical data from mice fed treatment diets for 21 d.

Item Control 1 Chanoclavine 1 SED p-Value

Males
CK (IU/L) 294 ± 69 437 ± 206 91.6 0.164
AST (IU/L) 75 ± 15 75 ± 20 11.1 0.972
ALT (IU/L) 37 ± 12 35 ± 6 6.0 0.748

T.Bil (μmol/L)2 1.8 ± 0.4 a 0.9 ± 0.2 b 0.2 0.004
TP (g/L) 54.0 ± 2.2 53.8 ± 2.0 1.4 0.886

ALB (g/L) 33.2 ± 0.8 33.0 ± 1.4 0.7 0.786
Globulin (g/L) 20.8 ± 2.9 20.0 ± 1.4 1.5 0.616

A/G 1.622 ± 0.230 1.660 ± 0.178 0.1 0.787
CRN (μmol/L) 14.0 ± 2.8 17.0 ± 5.8 2.9 0.328
Na (mmol/L) 146 ± 2 146 ± 1 0.9 0.829
K (mmol/L) 15.0 ± 1.4 15.3 ± 1.3 0.9 0.700
Cl (mmol/L) 103 ± 1 105 ± 1 0.6 0.101

Females
CK (IU/L) 569 ± 210 594 ± 209 132.6 0.851
AST (IU/L) 110 ± 20 121 ± 17 11.7 0.366
ALT (IU/L) 31 ± 5 39 ± 9 4.5 0.126

T.Bil (μmol/L) 2 1.5 ± 0.7 0.9 ± 0.2 0.3 0.108
TP (g/L) 54.8 ± 1.1 b 57.8 ± 2.3 a 1.1 0.029

ALB (g/L) 36.6 ± 1.1 b 38.8 ± 1.5 a 0.8 0.030
Globulin (g/L) 18.2 ± 0.8 19.0 ± 1.6 0.8 0.347

A/G 2.015 ± 0.140 2.053 ± 0.181 0.1 0.721
CRN (μmol/L) 17.0 ± 0.7 16.8 ± 3.7 1.7 0.908
Na (mmol/L) 148 ± 1 148 ± 4 1.8 0.913
K (mmol/L) 12.4 ± 1.0 12.8 ± 2.1 1.0 0.682
Cl (mmol/L) 106 ± 1 106 ± 2 0.9 0.838

1 Values are means ± standard deviation (n = 5). Fisher’s least significant difference was used to compare treatment
means. Two means that have no letter in common are statistically different at the 5% level. If no letters are given,
the overall p-value was not statistically significant at the 5% level. 2 When total bilirubin (T. Bil) was below the
detection limit it was assigned a value of half the detection limit (0.5 μmol/L). CK, creatine kinase; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; TP, total protein; ALB, albumin; CRN, creatinine.

2.2.5. Organ Weights

Absolute and relative organ weights are presented in Tables 3 and 4. The only statistically significant
difference was the absolute and relative weight of the kidneys of the male mice. This difference was
not considered to be toxicologically meaningful.

Table 3. Absolute organ weight data (g) from mice fed treatment diets for 21 d.

Brain 1 Heart 1 Kidneys 1 Liver 1 Spleen 1

Males
Control 0.467 ± 0.017 0.181 ± 0.011 0.512 ± 0.019 a 1.832 ± 0.129 0.135 ± 0.029

Chanoclavine 0.453 ± 0.021 0.176 ± 0.019 0.441 ± 0.033 b 1.656 ± 0.183 0.126 ± 0.017
SED 0.012 0.010 0.017 0.100 0.015

p-value 0.269 0.623 0.003 0.117 0.579
Females
Control 0.457 ± 0.020 0.167 ± 0.012 0.355 ± 0.017 1.384 ± 0.203 0.146 ± 0.028

Chanoclavine 0.466 ± 0.010 0.155 ± 0.006 0.328 ± 0.029 1.280 ± 0.093 0.132 ± 0.020
SED 0.010 0.006 0.015 0.100 0.016

p-value 0.385 0.086 0.117 0.328 0.420
1 Values are means ± standard deviation (n = 5). Fisher’s least significant difference was used to compare treatment
means. Two means that have no letter in common are statistically different at the 5% level. If no letters are given,
the overall p-value was not statistically significant at the 5% level.
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Table 4. Relative organ weight data (% of bodyweight) from mice fed treatment diets for 21 d.

Brain 1 Heart 1 Kidneys 1 Liver 1 Spleen 1

Males
Control 1.439 ± 0.039 0.559 ± 0.041 1.578 ± 0.079 a 5.638 ± 0.259 0.417 ± 0.097

Chanoclavine 1.500 ± 0.110 0.586 ± 0.090 1.456 ± 0.023 b 5.458 ± 0.251 0.417 ± 0.046
SED 0.052 0.044 0.037 0.161 0.048

p-value 0.280 0.555 0.011 0.298 0.999
Females
Control 1.671 ± 0.136 0.610 ± 0.037 1.296 ± 0.059 5.030 ± 0.510 0.530 ± 0.090

Chanoclavine 1.775 ± 0.049 0.592 ± 0.031 1.250 ± 0.101 4.873 ± 0.322 0.504 ± 0.074
SED 0.065 0.022 0.052 0.270 0.052

p-value 0.147 0.439 0.404 0.578 0.626
1 Values are means ± standard deviation (n = 5). Fisher’s least significant difference was used to compare treatment
means. Two means that have no letter in common are statistically different at the 5% level. If no letters are given,
the overall p-value was not statistically significant at the 5% level.

2.2.6. Histological Examination

Examination of tissues from male mice in the control group revealed that one mouse had a
single small focus of inflammation within the liver. This focus was not associated with significant
hepatocellular injury. Similar foci were also visible within three male mice that were fed chanoclavine.
No other histological lesions were observed on examination of tissues from the male mice. Examination
of tissues from the control female mice revealed all five mice had scattered foci of inflammation
within the hepatic parenchyma. While inflammation was mild and not associated with significant
hepatocellular damage in two mice, some of the larger foci in the other three animals contained swollen
eosinophilic hepatocytes that demonstrated loss of cell features, consistent with mild hepatocellular
damage. Examination of tissues from the female mice that received chanoclavine revealed small
foci of inflammation present within the liver of four of the mice. This inflammation was associated
with scattered, degenerate hepatocytes in three animals. In addition, one mouse had a small focus of
lymphocytes and macrophages within the submucosa of the bladder. No other lesions were observed
on examination of tissues from the female mice. The cause of the hepatic changes was uncertain;
however, as they developed with approximately equal frequency and severity in the control and treated
mice, this change was considered extremely unlikely to be due to chanoclavine toxicity.

3. Discussion

The toxicity of chanoclavine was investigated. Acute toxicity testing showed neurotoxicity in
some animals at the limit dose of 2000 mg/kg. This is of no concern, as this extremely high dose rate is
not biologically relevant. Since no deaths were observed at this dose rate, the median lethal dose (LD50)
of chanoclavine is, therefore, greater than 2000 mg/kg. This allowed it to be classified in category 5
using the GHS labelling system and in category 6.1E using the New Zealand HSNO hazard classes.
This is the lowest hazard class under both systems of classification. A short-term feeding trial was
also performed, whereby a group of male and female mice were fed either a diet containing pure
chanoclavine or regular mouse food. Using food consumption and bodyweight data, the dose rate of
chanoclavine was calculated for each of the biweekly measurement periods. This showed that the male
and female mice ate on average 123.3 and 124.4 mg/kg/day chanoclavine, respectively. In the initial
stages of the three-week experiment, mice fed the chanoclavine diet ate less and gained weight more
slowly than the mice fed a control diet. However, by day seven, the food consumption of both groups
was equivalent on a food intake per gram of bodyweight basis. No toxicologically significant effects
were noted in hematological or serum biochemical parameters. Although foci of inflammation were
noted in the livers of a number of mice, this was observed in both the control and chanoclavine-fed
animals, so it was considered to be unrelated to the treatment diet. No other significant effects were
noted on histological examination.
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The concentration of chanoclavine that could be present in endophyte-infected cereals is unknown.
However, in the acute oral toxicity study, the limit dose of 2000 mg/kg was reached, and in the feeding
trial a very high dose rate was chosen. The amounts fed to mice in this study would be equivalent
to a 70 kg human consuming 8.6 g of chanoclavine per day. These experiments, therefore, show that
chanoclavine is of low toxicity and should be safe for inclusion into cereal crops. However, once a
chanoclavine-producing endophyte is successfully inoculated into a cereal crop, further toxicological
work will be required.

4. Materials and Methods

4.1. Chanoclavine

Chanoclavine (>98.69% purity) was purchased from Alfarma s.r.o (Prague, Czech Republic) and
was stored at 4 ◦C before use.

4.2. Animals

For acute toxicity testing, Swiss albino mice (5 females, 4–5 weeks old, and 18–20 g) were used.
For the short-term toxicity study, Swiss albino mice (10 male and 10 female, 3–4 weeks old, and 14–19 g
on day –3) were again used. Animals were housed in groups of five in a temperature-controlled room
(21 ± 1 ◦C) with a 12 h light–dark cycle. They were allowed access to food and water ad libitum.
All animal manipulations were approved by the Ruakura Animal Ethics Committee established under
the Animal Protection (code of ethical conduct) Regulations Act, 1987 (New Zealand). Acute toxicity:
project Number 13242, approval date 1 May 2014; Subchronic toxicity: project Number 13508, approval
date2 April 2015.

4.3. Acute Toxicity Protocol

Acute toxicity was determined according to the principles of OECD guideline 425 [30] using the
limit dose of 2000 mg/kg. Pairs of mice were randomly selected and fasted overnight. Mice were
weighed immediately before dosing, and the amount of chanoclavine required was calculated on a
mg/kg basis. The required amount of chanoclavine was added into the glass pipette tip of a positive
displacement pipette along with a small portion of ground mouse food (20 mg) and water (50 μL) to
yield a paste. This paste was applied over the tongue of the mouse, with care taken to ensure that
the entire dose was swallowed. Control mice were dosed in an analogous manner with a ground
mouse food (20 mg) and water (50 μL) mixture. To avoid diurnal variations in response, all dosing
was conducted between 9.30 and 10.00 am. The mice were monitored intensively during the day of
dosing and then examined and weighed each day for a further 14 d, after which they were killed by
CO2 inhalation and necropsied. In total, five pairs of mice were dosed.

4.4. Short-Term Toxicity Study

Mouse diets were prepared from Teklad Global 2016 mouse food pellets (Harlan UK, Bicester,
England), which were finely ground using a Udy cyclone sample mill (Udy Corporation, Fort Collins,
CO, USA). Initially, a test batch of chanoclavine diet was prepared to check stability and diet
homogeneity by mixing chanoclavine (29.8 mg) with ground mouse food (50 g) using a cake mixer,
adding water (45 mL), and drying as described below. Three separate samples of diet were taken for
analysis and ground using a mortar and pestle. The diets for the feeding study were prepared by
mixing chanoclavine (141.6 mg) with ground mouse food (200 g) using a cake mixer. Water (90 mL)
was added to 100 g aliquots of this mixture and combined to form a paste. This was split evenly into
14 portions, which were formed into discs and dried in a fan oven (50 ◦C, 24 h). This resulting diet had
a moisture content of 11.3% and a chanoclavine concentration of 628 μg/g (wet weight). Control diets
were prepared in an analogous manner to yield diets with a moisture content of 13.8%. Diets were
prepared twice weekly during the experimental period.
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Mice were randomly assigned to their cage groups 3 d before the start of the experiment. They were
fed prepared control diets so that they could get used to the new form of their food. Each group
was comprised of five female and five male mice (housed by gender); group 1 was the control group,
and group 2 was the chanoclavine group. During the experiment, food consumption of each cage group
of five mice was measured every second day. At this time, the appearance, movement, and behaviour
of each mouse was observed to check for any changes. Biweekly the body weight of each mouse
was measured. Food consumption of each cage group of mice was calculated from the quantity of
diet eaten by the five mice divided by the total bodyweight. At the conclusion of the three-week
experiment, all mice were killed by CO2 inhalation, and a blood sample was collected by heart puncture
using heparin as the anticoagulant. Whole blood was analysed to measure hematocrit values (HCT),
hemoglobin levels (HB), mean corpuscular volumes (MCVs), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentrations (MCHCs), and red and white cell counts, while activities
of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatine kinase (CK) as well
as concentrations of bilirubin, total protein (TP), albumin (ALB), globulin, sodium, potassium, chloride,
and creatinine (CRN) were determined in plasma (New Zealand Veterinary Pathology, Hamilton,
New Zealand). Necropsies of all mice were performed to check for any macroscopic changes, and the
weights of brain, heart, kidneys, liver, and spleen were measured and expressed as a percentage of
body weight for each mouse. These organs, along with adrenals, lungs, pancreas, gastrocnemius,
jejunum (3 mm section), ovary and uterus or testes, spinal cord (3 × 2 mm sections), stomach (washed),
thymus, and urinary bladder were placed in 4% buffered formaldehyde to allow fixation before being
routinely processed for histology. The same pathologist examined all samples and was unaware of the
treatment groups.

4.5. Measurement of Chanoclavine in Mouse Diet

One of the prepared chanoclavine diets was taken after the drying process, and three samples were
taken from different areas of the disc. These samples were ground using a mortar and pestle. Aliquots
(50 mg) were extracted with 50% methanol (1 mL) containing an internal standard (festuclavine,
0.2 μg/mL). Filtered extracts were analysed according to the method of Rasmussen et al. [31].

4.6. Statistical Analysis

Bodyweight, food intake, hematology, serum biochemistry, and organ weight data from the
short-term toxicity study were analysed by one-way ANOVA followed by Fisher’s protected least
significant difference test at the 5% significance level. Data from each measurement time, and for each
gender, were analysed separately. Since the genders for each treatment group were housed together,
there was no gender replication of the treatments in the trial, so the assumption was made that mice
within a cage behaved independently of one another. Boxplots and residual plots were inspected for
departures from normality and homogeneity of variance. All analyses were conducted in GenStat
version 16 (VSN International, Hemel Hempstead, UK).
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Abstract: Fescue toxicosis is a multifaceted syndrome that elicits many negative effects on livestock
consuming ergot alkaloids produced by endophyte-infected tall fescue. The economic losses
associated with fescue toxicosis are primarily due to reproductive failure including altered cyclicity,
suppressed hormone secretion, reduced pregnancy rates, agalactia, and reduced offspring birth
weights. For decades, a multitude of research has investigated the physiological and cellular
mechanisms of these reproductive failures associated with fescue toxicosis. This review will
summarize the various effects of ergot alkaloids on female reproduction in grazing livestock species.

Keywords: ergot alkaloids; livestock; reproduction

Key Contribution: Exposure to ergot alkaloids negatively impacts many reproductive processes
in domestic livestock species and this manuscript explores the various effects of ergot alkaloids on
reproductive tissues, provides an up-to-date summary of the latest data, and emphasizes the need for
more mechanistic studies to increase our understanding of ergot alkaloid toxicity.

1. Introduction

Ergot alkaloid mycotoxins were first identified in Claviceps, a parasitic fungus that infects many
grasses and grains [1]. These mycotoxins are produced by a variety of fungi, including Neotyphodium
and Epichloë, and classified as the tall fescue endophyte [1–3]. Specifically, Epichloë coenophiala is
recognized as the endophyte that shares a symbiotic relationship with Kentucky (KY)-31 tall fescue
(Lolium arundinaceum [Schreb.] Darbysh; [4]). Chronic consumption of Epichloë coenophiala-produced
ergot alkaloids in grazing livestock results in a syndrome known as fescue toxicosis [5]. With KY-31
being estimated to be grown on 35 million acres of land in the Southeast to Midwest U.S. regions
and that 90% of these pastures are infected with the Epichloë endophyte [6–8], it is speculated
that fescue toxicosis contributes to over $2 billion in annual economic loss to the U.S. livestock
industries [9]. Detrimental signs of this syndrome include reduced intake, weight gain, circulating
prolactin concentrations, reproductive performance, milk production, and hyperthermia [10]. Many of
these signs of fescue toxicosis can be attributed to the structural similarities between ergot alkaloids and
monoamine neurotransmitters (e.g., serotonin, norepinephrine, and dopamine), which elicit agonistic
effects on numerous monoamine receptors [11–15]. While many livestock species do experience ergot
alkaloid-induced effects on productivity, there is a high variability between individual animal responses
to exposure. However, across livestock species, there have been consistent reports indicating that ergot
alkaloids cause issues with reproductive performance, including reduced pregnancy rates, circulating
hormone concentrations, blood flow to reproductive organs, and offspring birth weight [16]. Therefore,
this review will focus on the various effects of ergot alkaloids (e.g., physiologic, mechanistic, etc.) on
female reproduction in livestock species.

Toxins 2019, 11, 364; doi:10.3390/toxins11060364 www.mdpi.com/journal/toxins243



Toxins 2019, 11, 364

2. Ergot Alkaloids and the Brain

Ergot alkaloids share many structural similarities to monoamine neurotransmitters, and thus
interact on the various monoamine receptors within the brain. Specifically, the cells within the
anterior pituitary contain monoamine receptors and therefore ergot alkaloids may interfere with the
physiological processes regulated by the anterior pituitary. The anterior pituitary can be divided into five
endocrine cell types based on morphology and functional role: Somatotrophs (growth hormone (GH)),
corticotrophs (adrenocorticotropic hormone (ACTH)), thyrotrophs (thyroid-stimulating hormone
(TSH)), lactotrophs (prolactin (PRL)), and gonadotrophs (luteinizing hormone (LH) and follicle
stimulating hormone (FSH)) [17]. While it does not appear that ergot alkaloids affect secretion of
GH and TSH, there is great evidence that ergot alkaloids alter secretion of ACTH, PRL, and LH and
FSH [12,18,19].

2.1. Dopamine Receptor D2 and Prolactin Secretion

A common symptom of fescue toxicosis is a suppression in prolactin secretion (i.e.,
hypoprolactinemia; [20,21]). Secretion of prolactin is predominantly regulated by hypothalamic
prolactin-inhibiting factors, specifically the monoamine neurotransmitter dopamine [22]. Dopamine is
considered the major regulator of prolactin secretion, and secretion is inhibited when dopamine is
bound to its receptor on the lactotrophs of the anterior pituitary [23,24]. There are five isoforms of
dopamine receptors that are divided into two subfamilies: D1-like, which is comprised of D1 and D5,
and D2-like, which is comprised of D2, D3, and D4 [25]. On the pituitary lactotrophs, the dopamine
receptors are primarily the dopamine receptor D2 (DRD2) [26]. The dopamine receptor D2 is coupled
to a Giα protein, which inhibits adenylyl cyclase activity, cyclic adenosine monophosphate (cAMP),
and cytoplasmic calcium concentrations when dopamine or an agonist is bound [27,28], thus resulting
in a suppression of prolactin secretion.

Prolactin concentrations have been shown to be reduced in animals consuming endophyte-infected
tall fescue and this is often used as an indicator of fescue toxicosis [10]. Ergot alkaloids, specifically
ergovaline, have a high affinity towards DRD2 in vitro and elicit agonistic effects that result in a
decrease in prolactin secretion [29]. Moreover, a recent study conducted gene expression profiles of
pituitaries from steers grazing either high (HE; 746 parts per billion (ug/kg)) or low (LE; 23 ug/kg)
endophyte-infected tall fescue pastures [19]. Li et al. [19] demonstrated DRD2 and PRL expression
decreased in HE steers by 53% and 82%, respectively. Since PRL synthesis is directly related to DRD2
signaling pathway, a single nucleotide polymorphism (SNP) in the DRD2 gene could serve as a marker
for resistance to fescue toxicosis as proposed by Campbell et al. [30].

Prolactin plays a role in numerous biological functions, most notably in lactation, but also in
reproduction, immune responses, and metabolism [24]. Additionally, an elevation in prolactin is
associated with a rise in environmental temperature or longer day length (i.e., photoperiod; [31,32]),
and has been related to hair coat shedding in numerous species [33–36]. It has been speculated that
hyperprolactinemia due to consumption of ergot alkaloid prevents shedding of the winter hair coat,
therefore resulting in an elevation in core body temperature and increased vulnerability to heat stress
(i.e., hyperthermia; [36]). In regards to reproduction, the heat stress-like signs greatly associated with
fescue toxicosis have a large impact on reproductive success in livestock species and will be described
in further detail in further sections of this review. Additionally, the interaction between ergot alkaloids
and lactation, in which prolactin plays a critical role, will be discussed in greater detail in subsequent
sections of this review.

2.2. Gonadotropins

The gonadotropins, luteinizing hormone (LH) and follicle stimulating hormone (FSH), are
produced by the gonadotrophs of the anterior pituitary in response to gonadotropin releasing hormone
(GnRH) secreted from the hypothalamus and govern reproductive cyclicity [37]. Browning Jr. et al. [38]
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demonstrated in steers receiving injections of ergotamine tartrate (23.8 μg/kg body weight) that LH
concentrations were reduced. Therefore, it was then investigated if acute ergot alkaloid exposure
(19 μg/kg body weight) would alter LH and FSH in primiparous cows during the late luteal phase
(day 15 or 16 post-estrus). Luteinizing hormone concentrations were reduced 4 h post injection,
however FSH concentrations did not differ between the cows receiving ergotamine tartrate and the
saline control [39]. An in vitro study using ovine pituitary cells demonstrated that bromocriptine
(ergocryptine derivative) inhibits LH and FSH secretion in response to GnRH [40]. Conversely, a
separate study found no differences in LH secretion in postpartum beef cows nor in cycling heifers and
cows [41]. Additional studies further described that ergot alkaloids do not suppress LH or equine
chorionic gonadotropin (eCG) in ewes or mares, respectively [42,43]. Most recently, Li et al. [19]
found minimal differences in pathways utilized for FSH and LH production, secretion, or signaling
from pituitary tissue collected from steers grazing either HE or LE fescue pastures. Variations in
ergot alkaloid source and concentration, route of administration, environmental conditions, and
physiological status of the animal could account for these discrepancies, and thus additional research
is needed to better understand the actions ergot alkaloids have on gonadotropin synthesis, secretion,
and functionality.

3. Ergot Alkaloids and Ovarian Function

Reproductive failure in cattle following ergot alkaloid exposure can be attributed to altered ovarian
follicle development, luteal dysfunction, and reduced circulating steroid hormone concentrations,
subsequently leading to reduced pregnancy rates [44]. Conversely, ergot alkaloid exposure has minimal
impact during reproductive cyclicity and a greater impact during pregnancy and post-partum in sheep
and mares. Specifically, in the mare resulting in prolonged gestation, late-term foal loss, dystocia,
thickened placentas, and agalactia [45], thus discussion on the effects of ergot alkaloids on ovarian
function will emphasize the data collected on cattle.

3.1. Ovarian Blood Flow

Ergot alkaloids induce a vasoconstrictive response by interacting with biogenic amine receptors
including serotonergic and adrenergic receptors [46]. Numerous studies have demonstrated ergot
alkaloid, specifically ergovaline and ergotamine, induced vasoconstriction via the serotonin 2A
(5-HT2A) receptor utilizing an in vitro bovine lateral saphenous vein bioassay [13,14]. Similarly, ergot
alkaloids have a high affinity towards α2-adrenergic receptors [47,48]. Additionally, a couple of studies
have used Doppler ultrasonography to show that heifers chronically exposed to endophyte-infected
tall fescue have reduced caudal artery area and blood flow to the peripheral arteries when compared
to heifers consuming endophyte-free tall fescue [49,50], however literature describing the extent to
which vasoconstriction occurs to the internal organs is limited [16].

Recently, Poole et al. [50] investigated if chronic exposure of ergot alkaloids would decrease
the diameter of the utero-ovarian blood vessels thus reducing systemic blood flow to the ovary
during various stages of the estrous cycle. Ovarian artery and vein area was measured via Doppler
ultrasonography on days 0, 4, 10, and 17 to represent both the follicular and luteal phases of the estrous
cycle. Ovarian artery area was not different on days 0 and 4, however ovarian artery area was reduced
on days 10 and 17 in heifers consuming ergot alkaloids. Additionally, minimal changes were observed
in the ovarian vein area, most likely due to the reduction of vascular smooth muscle cells surrounding
veins compared to arteries. Previous studies have demonstrated estrogen-induced vasodilation in
various arteries and veins [51], and increased estrogen concentration early in the estrous cycle may
have prevented the ergot alkaloid induced reduction in ovarian artery area that was observed during
the luteal phase [50]. Ultimately, ergot alkaloid induced vasoconstriction of the utero-ovarian vessels
would limit nutrients essential to ovarian function potentially altering sex steroid synthesis, altered
follicular, and/or luteal development as well as dysregulation of the estrous cycle.
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3.2. Folliculogenesis

As previously mentioned, the gonadotropins (LH and FSH) are produced by the anterior pituitary
in response to GnRH and govern reproductive cyclicity [37]. Follicle stimulating hormone initiates the
proliferation of granulosa cells and aid in the transition from primordial to primary and secondary
follicles. As these follicles grow and undergo selection, granulosa cells become more responsive to
LH and theca cells will produce androgens, which are converted primarily to estradiol (E2) in the
granulosa cells [52,53]. As E2 and inhibin concentrations produced by the growing selected follicles
increase, FSH production by the anterior pituitary is suppressed via negative feedback [54,55]. A few
selected follicles will continue to grow into dominance and produce more E2, while others will become
atretic. During the final follicular wave (post-luteolysis), large concentrations of E2 produced by the
preovulatory follicle will act via positive feedback to trigger the preoptic nucleus of the hypothalamus
to release a surge of GnRH, which will stimulate the anterior pituitary to release the preovulatory
surge of LH and ovulation will occur [56–58].

McKenzie and Erickson [59,60] observed a decrease in the diameter and number of large follicles
in heifers consuming endophyte-infected tall fescue (Table 1). Likewise, Burke and Rorie [61] examined
follicular development and estrogen concentrations in lactating beef cows grazing endophyte-free (EF)
or endophyte-infected (EI) tall fescue. No differences were found in the number of class 1 (small; 3 to
5 mm) and class 3 (large; >10 mm) antral follicles between treatments. Conversely, the number of class
2 (medium; 6–9 mm) follicles was reduced in cows grazing EI fescue compared to cows grazing EF
fescue (Table 1). Similarly, Poole et al. [50] observed that a 6 to 9 mm follicle number was reduced in
heifers consuming ergot alkaloids (Table 1). The 6 to 9 mm follicle size can be classified as selected
follicles, and are of critical importance to follicular development with the gonadotropin dependence
switching from FSH to LH. These results suggest that exposure to ergot alkaloids may hinder follicular
selection though inadequate delivery of gonadotropins and other nutrients due to insufficient blood
flow to the ovary.

Table 1. A review of the effects of ergot alkaloids and/or heat stress on follicular dynamics.

Alkaloid
(μg/kg/day)

Heat Stress
Average Daily

Gain
Animal Effect Source

N/A N/A N/A Beef heifer Decrease in the diameter and
number of large follicles. [59]

N/A N/A N/A Beef heifer Decrease in the diameter and
number of large follicles. [60]

N/A
Possibly, grazing

from April to Sept. in
Arkansas

Reduced Mature beef
cows

Diameter of the largest follicle
tended to be smaller. No

difference in the number of small
or large follicles. Number of

medium sized follicles reduced.

[61]

10,310 total;
3910 ergovaline

Possibly, barn
temperature. 27 ◦C

and average THI 1 72

Reduced, same
intake Beef heifer

Number of medium sized follicles
reduced. No difference in the

number of small or large follicles
or diameter of largest follicle.

[50]

1900 ergovaline Yes, between 25 ◦C
and 31 ◦C

N/A, reduced
intake Beef heifer Decrease in the diameter and

number of large follicles. [62]

1000 total; 421
ergovaline Yes, average THI 88 Same Beef heifer

Decrease in the diameter and
number of small and large

follicles.
[63]

1 THI = temperature-humidity index; THI = (1.8 × Tdb +32) – ((0.55 – 0.0055 × RH) × (1.8 × Tdb – 26.8)); Tdb = dry
bulb temperature (◦C), and RH = relative humidity. Recovery (non-life threatening, 75) and emergency (high-risk,
85) thresholds as described by Hahn [64].

Furthermore, many of these signs in cattle exposed to ergot alkaloids are amplified during periods
of heat stress. The inability to maintain a thermoneutral body temperature due to increased ambient
temperatures has been previously shown to impair folliculogenesis [65,66]. Therefore, Burke et al. [62]
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investigated the interaction between heat stress and consumption of endophyte-infected fescue on
follicular dynamics. These authors controlled dietary intake for the heat stressed heifers on both diets
to minimize variation in intake. Heifers consuming the EI seed in heat stress conditions resulted in
a decreased number of large follicles (>9 mm) in addition to having a smaller preovulatory follicle
diameter compared to control heifers (Table 1). Recently, a genetic trait has been identified in Bos
taurus-influenced breeds, Senepol, and other Criollo cattle breeds, that is associated with high heat
tolerance and a slick hair coat [67–70]. This slick hair coat phenotype is due to a frame-shift mutation
in the prolactin receptor [70]. Therefore, Poole et al. [63] evaluated the effect of the slick trait and
exposure to ergot alkaloids on follicular dynamics in beef heifers. Dietary intake and average daily
gain (ADG) remained constant between groups. Heifers consuming the EI fescue with a wild-type hair
coat (lacking the slick hair mutation) had an increase in the number of preselected follicles (2 to 4 mm),
however, no change in the number of selected follicles (5 to 8 mm), yet a decrease in the number of
preovulatory follicles (>9 mm) compared to the other heifer groups (wild-type hair coat consuming EF
fescue and heifers with a slick-type hair coat consuming EI or EF fescue; Table 1). Intriguingly, this
lack of follicular transition indicates a dysregulation during follicular selection during folliculogenesis
that was not observed in heifers possessing the slick hair trait and consuming the EI fescue. Together,
both Burke et al. [62] and Poole et al. [63] demonstrated that heat stress altered fescue toxicosis and
alters the efficiency of ovarian follicular selection and dominance.

3.3. Corpus Luteum

The corpus luteum (CL) is a transient endocrine organ that forms on the ovary following ovulation.
When a follicle ovulates, the granulosa and theca cells undergo dramatic changes into luteal cells, a
process known as luteinization. Progesterone (P4) is the primary hormone produced by the CL and
has numerous functions including suppression of ovulation and maintenance of pregnancy. It has
been demonstrated that LH, not prolactin, is the predominant luteotropic hormone responsible for
maintenance of the CL and production of P4 in livestock species [71–73]. Specifically, the functionality
of the CL (i.e., production of P4) is dependent on the degree of vascularization or angiogenesis [74,75].

Due to the vasoconstrictive effects of ergot alkaloids, many researchers speculated that chronic
exposure would result in luteal dysfunction, thus reducing pregnancy rates. Estienne et al. [76]
observed a reduction in circulating P4 concentrations in heifers on endophyte-infected fescue even
though no differences in CL size or presence were observed via ultrasonography. Interestingly, a
separate study found that even if heifers appeared to be cycling and ovulating normally, there were
cellular changes (fewer nuclei and a greater number of large luteal cells with increased diameter) of the
CL in heifers grazing endophyte-infected fescue, which may contribute to altered functionality [77].
As previously mentioned, Poole et al. [63] observed a decrease in the diameter of the ovulatory follicle
in EI heifers, and because of the process of luteinization it is not surprising that the luteal area (mm2)
was also reduced in heifers consuming the EI fescue.

There have been varying reports regarding the impact of fescue toxicosis on luteal formation and
function with numerous findings observing no differences [50,78,79]. This variation in responses could
be due to the fact that circulatory ovarian steroid concentrations, specifically progesterone, are not
only dependent on the rate of secretion but also on the metabolism in the liver and on the incidence of
vasodilation or vasoconstriction.

3.4. Ovarian Steroidogenesis

One theory to explain the altered follicular dynamics and luteal dysfunction in animals consuming
endophyte-infected fescue is a reduction in the steroid hormone (E2 and P4) precursor, cholesterol.
Following synthesis in the liver from low-density and high-density lipoproteins; cholesterol must be
transported to the ovary for sex steroid synthesis in the thecal, granulosal, and luteal cells [80,81].
Few studies have shown a decrease in circulating cholesterol concentrations in cattle consuming EI
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tall fescue [62,82,83]. Moreover, Burke et al. [62] observed that heat stress conditions further reduced
cholesterol concentrations in heifers consuming EI fescue.

3.4.1. Estradiol

Estrogen production is a critical component of a healthy developing follicle [52] and essential
for reproductive success. Burke et al. [62] observed that E2 concentrations were reduced in heifers
consuming EI fescue compared to the control heifers in the thermoneutral environment, whereas
the additive effect of heat stress reduced E2 concentrations regardless of ergot alkaloid exposure.
However, these results were not observed in postpartum cows consuming either EF or EI tall fescue [61].
Interestingly, Poole et al. [63] demonstrated that EI heifers with a wild-type hair coat (heat stressed) had
decreased E2 concentrations, yet EI heifers possessing the slick hair trait had similar E2 concentrations
to EF heifers. Collectively, ergot alkaloids impair follicular development and E2 secretion; however, it
remains unknown if ergot alkaloids directly impact granulosal and thecal cell function or indirectly
alter folliculogenesis through reduced blood flow to the ovary.

3.4.2. Progesterone

Similar to the varying reports regarding the impact of fescue toxicosis on CL formation, there are
contrasting reports regarding P4 synthesis and secretion from the CL. Mahmood et al. [84] examined
luteal function in heifers grazing either low (0%) or high (>75%) EI fescue pastures for 168 days.
Heifers were synchronized with prostaglandin F2α (PGF2α) on days 101 and 112 of the trial and
P4 concentrations were determined on days 112, 116, 120, and 124. Heifers on the high EI fescue
pastures had either low P4 concentrations (<1.5 ng/mL) after synchronization or relatively high
P4 concentrations (>1.5 ng/mL) that would sharply decrease, thus indicating luteal dysfunction or
shorten luteal phase [85], respectively. Both Burke et al. [62] and Poole et al. [63] demonstrated that
heat stress exacerbated fescue toxicosis and observed a reduction in P4 concentrations. Conversely,
numerous reports have found no differences in P4 secretion in animals consuming EI fescue [50,78,79].
Interestingly, Jones et al. [86] evaluated P4 concentrations in EF, EI, and EI heifers treated with
domperidone (EID; dopamine antagonist) during the months of May and June in Southern Illinois.
Heifers consuming EI fescue had reduced mid-cycle P4 concentrations when compared to EF and EID
heifers. Furthermore, cultured luteal cells collected from a subset of heifers from each treatment group
revealed no differences observed in P4 secretion in vitro [86]. The authors suggest that utilization of
domperidone in vivo may alleviate some of the signs associated with fescue toxicosis (i.e., reduced
PRL and heat stress) to improve CL function.

4. Ergot Alkaloids and Uterine Function

4.1. Uterine Blood Flow

Dyer [87] was the first to report the interaction between ergovaline and serotonin (5-HT) receptors
in bovine uterine arteries. Furthermore, Poole et al. [50] measured uterine artery and vein area via
Doppler ultrasonography on days 0, 4, 10, and 17 of the estrous cycle in EF and EI beef heifers. It was
observed that uterine artery and vein areas were not different on days 0 and 4, however, uterine artery
and vein areas did differ on days 10 and 17 with heifers consuming ergot alkaloids and this is the time
of the estrous cycle when P4 concentrations are greatest. The ergot alkaloids induced vasoconstriction
of the uterine vessels occurred prior to the timing of maternal recognition of pregnancy (day 14–16) in
cattle, Poole et al. [50] speculated that this could reduce hormonal communication between the ovary
and uterus during this time of embryonic signaling to the endometrium, thus decrease pregnancy
retention [88]. Vasoconstrictive activity has also been detected in ovine uterine arteries [89]. Pregnant
Suffolk ewes were subjected to either an EF or EI (1770 μg/day ergovaline) diet from day 35 to 86 of
gestation (Period 1), then were fed the same diet either throughout or received a crossover diet with
fescue type opposite of the original diet until termination of pregnancy on day 133 of gestation (Period
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2). Ewes fed EI fescue during Period 2 had reduced uterine vessel area, however ewes fed EI fescue
during Period 1 then switched to EF fescue did not display this reduced vessel area. Moreover, utilizing
an in vitro bioassay the uterine arteries collected from EF ewes during Period 2 were responsive
to serotonin and ergot alkaloids (ergotamine and ergovaline) [89]. In regards to the mare, uterine
arteries collected from non-pregnant mares were subjected to an in vitro bioassay, however, were not
responsive to serotonin, ergotamine, or ergovaline [90]. Klotz and McDowell [90] suggested that effects
of ergot alkaloids on reproductive failure in the mare might not be a consequence of vasoconstriction
and restricted blood flow.

4.2. Prostaglandin F2α (PGF2α) Synthesis

It has been suggested that ergot alkaloids have an oxytocic effect (i.e., contractile response) on the
uterus [91]. During late luteal phase of the estrous cycle, oxytocin acts on localized receptors on the
endometrium to stimulate synthesis of PGF2α, thus triggering luteolysis [92,93]. A few studies have
evaluated the effect of ergot alkaloids on PGF2α secretion. Browning Jr. et al. [39] injected ergotamine
tartrate to primiparous cows during the late luteal phase (day 15 or 16 post-estrus) and observed that
PGF2α concentrations were elevated just one hour post injection and continued to increase every hour
for four hours. This response mirrored that of pulsatile PGF2α response observed during luteolysis;
unfortunately, the authors did not evaluate luteal function or regression. Vogt Engeland et al. [94]
administered 105 μg ergotamine per kilogram of body weight via oral drench twice daily from day 98
to 107 of gestation in dairy goats, and observed that ergotamine treated goats had significantly greater
concentrations of PGF2α resulting in a greater incidence of induced parturition and fetal death [94].

5. Ergot Alkaloids and Pregnancy

A common symptom of fescue toxicosis is reduced pregnancy rates, specifically in cattle [9,10,95]).
According to a review by Kallenbach [9], fescue toxicosis attributes to over $2 billion in annual
economic loss to the U.S. livestock industries, primarily due to reproductive loss (Figure 1). In cattle,
this reproductive loss is because of a failure to conceive or early embryonic loss [9]. Additionally,
many livestock species experience difficulties during late-gestation and this has an impact on fetal and
neonatal development [9,45,96].

Figure 1. Fescue toxicosis severely reduces calving rates with 16% of reproductive beef cows
failing to conceive or experiencing early embryonic loss. Calves born in a fescue environment
have an average reduction in weaning weight by 22.6 kg (Reproduced from Kallenbach [9]. 2015,
Oxford University Press).
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5.1. Early Embryonic Development

A few studies have evaluated the impact that ergot alkaloids have on oocyte competency and
early embryonic development. Jones et al. [97] cultured cumulus-oocyte-complexes (COCs) with either
a control medium, EF-treated medium with 10% EF plasma, or EI-treated medium with 10% EI plasma
supplemented. Plasma used as a treatment was previously collected when the heifers were exposed to
EF or EI pastures for 24 days. There were no differences in the percent of COCs that progressed to
metaphase II (MII). Additionally, ovum pick-up was performed on the heifers and the grade I oocytes
(≥5 layers of compact cumulus cells and homogenous cytoplasm; [98]) were subjected to traditional
in vitro procedures. Interestingly, there was a difference observed with 66% of the EF grade I oocytes
progressing to MII versus 0% of the EI grade I oocytes, thus demonstrating that in vivo exposure to
endophyte-infected tall fescue can directly inhibit proper oocyte maturation [97].

Schuenemann et al. [99] explored the impact of ergot alkaloids on early embryonic development
(experiment 1) and uterine receptivity (experiment 2) in vivo. Cattle were allotted to receive either the
control (CON) or an ergot alkaloid seed (EI) diet. In experiment 1, uterine horn ipsilateral to the CL was
flushed for embryo recovery following estrous synchronization and artificial insemination. Embryo
recovery tended to be more successful in CON cattle versus EI cattle. Of the embryos recovered, a
greater percent of embryos from CON animals had developed to compacted morula or blastocyst,
and there was a greater percent of better quality embryos from CON cattle versus ET cattle [99].
In experiment 2, two frozen-thawed good quality embryos were transferred to recipients in both
treatment groups seven days following synchronized estrus. Interestingly, pregnancy rates following
transfer did not differ [99]. The authors concluded that the uterine environment is suitable to maintain
pregnancy after day 7 of gestation, however ergot alkaloid exposure appears to detrimentally affect
either the oocyte or the early embryo prior to the blastocyst stage.

As previously mentioned, elevated body temperature and heat stress-like signs are greatly
associated with cattle exposed to ergot alkaloids. It is also well established that heat stress can have a
negative effect on most aspects of female reproduction including oogenesis, oocyte maturation, and
early embryonic development [100]. In fact, results from numerous studies evaluating heat stress and
early embryonic development mirror the results observed by Schuenemann et al. [99]. For example,
Ealy et al. [101] observed that exposure to heat stress conditions at day 1 post-estrus (two-cell cleaved
embryos), reduced the percent of embryos that developed to the blastocyst stage. However, heat
stress exposure at days 3, 5, and 7 had no effect on the percent of embryos that were blastocysts.
Likewise, Edwards and Hansen [102] found that heat stress did not impact oocytes during the first
12 h of maturation, however it greatly reduced the number of two-cell embryos that developed to
the blastocyst stage in vitro. While ergot alkaloid exposure inhibits early embryonic development
in vitro, in combination with the inability to maintain a thermoneutral body temperature due to heat
stress severely impacts embryonic development resulting in decreased pregnancy rates in many spring
calving herds throughout the Southeastern and Mid-Atlantic states.

Interestingly, a few studies have evaluated effects on embryonic development at levels greater
than 300 μg/kg in mares (Table 2). At 867 μg/kg ergovaline, there was no impact on embryonic
development or establishment of pregnancy in mares [43]. However, at 1171 μg/kg, there was an
increased incidence of early embryonic loss and reduced pregnancy rates in mares [103]. Minimal
effects were observed if mares were exposed to less than 300 μg/kg ergovaline [104]. Unlike cattle
exposed to ergot alkaloids, mares do not experience elevated body temperatures, which is most likely
due to evaporative cooling because of increased sweating capability [105], which may mitigate the
negative effects of ergot alkaloids on early embryo loss. The effects of ergot alkaloids on pregnant
mares are much greater during late gestation [106], suggesting that ergot alkaloids potentially impact
placental efficiency.
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Table 2. A review of the effects of ergovaline on early embryonic development and establishment of
pregnancy in the mare.

Ergovaline (μg/kg) Effect Source

45 No negative effects [107]
160 No negative effects [108]
271 No negative effects [107]
308 Suppressed PRL, no negative effects on pregnancy outcomes [108]
867 Decreased P4, no negative effects on pregnancy outcomes [43]
1171 Increase in early embryonic loss and reduced pregnancy rates [104]

5.2. Placenta

It has been shown that ergot alkaloids can cross the placental barrier in rodents [109,110], but
conclusive evidence in livestock species is unavailable. However, similar to the uterine artery, there have
been reports that ergot alkaloids induce a vasoconstrictive response in both bovine and ovine umbilical
arteries [87,89]. Britt et al. [111] examined placental characteristics in pregnant Suffolk ewes following
exposure to EF or EI (1770 μg/day ergovaline) diets and found that ewes subjected to an EI diet during
Period 2 experienced an overall reduction in total caruncle, cotyledon, and placentome weight. In sheep,
the placenta increases in vascularity after day 80 of gestation to support rapid fetal growth [112,113].
Therefore, it is believed that this vasoconstrictive activity on the umbilical artery reduces blood flow to
the placenta and subsequently the fetus, which results in reduced birth weights [89,111]. Ergot alkaloid
induced effects on the placenta are evident in the mare. Early reports suggested that pregnant mares
grazing endophyte-infected tall fescue experience reproductive failure [114,115]. Specifically, Monroe
et al. [116] demonstrated that mares grazing EI tall fescue during late gestation experienced prolonged
gestation, increased number of retained placentas, and increased placental weight and thickness when
compared to mares grazing EF tall fescue. Due to these findings, it is now highly recommended
that pregnant mares are removed from EI tall fescue pastures during the third trimester to avoid any
serious complications.

5.3. Fetal Programming

Studies have found that ergot alkaloid exposure during gestation results in a reduction in birth
weight in lambs [96,111] and calves [117,118]. There are a few theories to explain this reduction in
birth weight. One being the previously described vasoconstriction to the uterine and placental arteries,
however another is a decrease in daily nutrient intake by the dam, thus resulting in a reduction in dam
body weight [111,118]. Either mechanism results in a reduction in placental growth and supply of
nutrients to the developing fetus. Placental growth is partly regulated by the paternally imprinted
gene, insulin-like growth factor-2 (IGF2), and when there are modifications or changes in expression of
imprinted genes, then this is associated with developmental programming and a reduction in birth
weight [119,120]. Interestingly, Britt et al. [111] found that ewes exposed to ergot alkaloids during
Period 1 and 2 of gestation had increased mRNA expression of IGF2 in cotyledon tissue, however
these differences were not observed in ewes only exposed to ergot alkaloids during Period 1 or 2.
The authors speculated that these adverse conditions (i.e., exposure to ergot alkaloids) resulted in the
increase in IGF2 expression to aid in placental adaptation to the conditions [111].

6. Lactation

The effects of ergot alkaloids on lactation vary based on the livestock species. Consumption of
ergot alkaloids reduces milk yield in cattle and sheep [44]. However, while prolactin plays a critical
role in mammary gland development and milk synthesis [121], it is important to note that decreased
prolactin concentrations does not directly influence milk yield in these species [122] and ergot alkaloid
exposure during the dry period does not impair mammary development or milk production in the
following lactation [123]. More recently, Capuco et al. [124] described changes in the mammary
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gland transcriptome related to lipid metabolism, and molecular transport following exposure to
endophyte-infected fescue seed, which could contribute to reduced milk production as previously
reported by Baldwin et al. [123]. However, cofounding factors such as reduced feed intake following
exposure to endophyte-infected fescue seed in these studies [123,124] limits identification of the exact
mechanism of action of ergot alkaloids on the mammary gland. Therefore, other associated signs
of fescue toxicosis, such as reduced feed intake or vasoconstriction, play a more critical role in the
reduction of milk production in cattle and sheep. In contrast, horses exhibit complete agalactia when
exposed to ergot alkaloids [45]. Unlike ruminants, which produce both placental lactogen and prolactin
to initiate prepartum lactogenesis, horses rely solely on prolactin [125]. Thus, horses become agalactic
when grazing endophyte-infected tall fescue due to ergot alkaloids agonistic effects of DRD2 and
subsequent decrease in prolactin secretion. Many proposed strategies are available to mitigate the
signs of fescue toxicosis in mares, but perhaps the one of the most effective to improve lactation is
administering a dopamine antagonist, domperidone [45]. Redmond et al. [126] conducted a study to
determine the minimum effective oral dose of domperidone (1.1, 1.65, 2.2 mg/kg BW) to treat fescue
toxicosis in late-gestation mares. Redmond et al. [126] concluded that the minimum oral dose of
1.1 mg/kg BW was effective to alleviate signs of fescue toxicosis when provided daily for 30 days
before foaling. A follow-up study determined that subcutaneous administration of 0.44 mg/kg BW
domperidone 10 days before foaling was also effective to alleviate signs and improve lactation in
mares [127]. While domperidone is an effective alleviator of agalactia in mares grazing EI tall fescue,
most veterinarians would recommend removal from EI tall fescue pastures at least 30 days before the
expected foaling date [45].

7. Conclusions

While evidence of reduced reproductive performance of animals consuming endophyte-infected
tall fescue has been extensively studied in an attempt to find remedies for, or offset the negative
impact of, fescue toxicosis; the complex etiology of this syndrome has hindered an exploration of
specific mechanisms of action of ergovaline on specific tissues. Seasonal or annual fluctuations in
ergot alkaloid concentrations in combination with the age and genetic background of the animal,
elevated environmental conditions, and/or hypoxic conditions at the cellular level influence the impact
ergot alkaloids have on the reproductive tissues leading to inconsistencies in reduced reproductive
performance in animals consuming ergot alkaloid-contaminated diets. Further exploration into the
precise mechanism of action of ergot alkaloids on the hypothalamic-pituitary-gonadal axis through
innovative research combining cellular and molecular techniques with applied experimental models
will lead to a better understanding of the negative impact these toxins on reproductive processes.
Moreover, this knowledge will lead to inventive tools and strategies enhance best management practices
to improve reproductive performance in animals consuming endophyte-infected tall fescue.
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