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Abstract

Vasoconstriction is a known effect associated with ergot alkaloid consumption. The vascular contractile responses are often sustained for an
extended period after exposure. Ergot alkaloids exist in two molecular configurations, the C-8-(R)-isomer (R-epimer) and the C-8-(S)-isomer
(S-epimer). The sustained vascular contractile response to the R-epimers has been studied previously, unlike the S-epimers which are thought
to be biologically inactive. Additionally, antagonists have been utilized to attenuate the vascular contraction associated with the R-epimers of
ergot alkaloids utilizing ex vivo techniques. This study utilized an arterial tissue bath to examine and compare the sustained vascular contractile
response attributed to ergocristine (R) and ergocristinine (S) using dissected bovine metatarsal arteries. The contractile blocking effect of a
noncompetitive alpha-adrenergic antagonist, phenoxybenzamine (POB), was also investigated in precontracted arteries. Arteries (n = 6/epimer)
were exposed to a single dose of ergocristine or ergocristinine (1 x 10-¢ M in buffer). Each of the epimer doses was followed by a POB (1 x 10-2
M) or methanol (control) treatment at 90 min and the response was observed for another 90 min. Both epimers produced a sustained contractile
response over the 180-min incubation period in the control groups. The R-epimer caused a greater sustained contractile response from 60 to
180 min post epimer exposure, compared to the S-epimer (P < 0.05, generalized estimating equations, independent t-test). Phenoxybenzamine
caused a decrease in the contractile response induced by ergocristine and ergocristinine from 105 to 180 min, compared to the control (P < 0.05,
generalized estimating equations, paired t-test). Overall, these results demonstrate the presence of a sustained vascular contractile response
attributed to the R- and S-epimer of an ergot alkaloid with differences in contractile response between the epimers, suggesting differences
in receptor binding mechanisms. Furthermore, this study demonstrated that a noncompetitive antagonist could attenuate the sustained arte-
rial contractile effects of both ergot configurations ex vivo. Additional investigation into S-epimers of ergot alkaloids is needed. This research
contributes to the understanding of the ergot epimervascular receptor binding mechanisms, which may support the investigation of different
approaches of minimizing ergot toxicity in livestock.

Lay Summary

Ergot alkaloids cause blood vessels to contract when contaminated feed is consumed by animals. Vascular contraction often remains for a
prolonged period and involves the binding of ergot to specific receptors in the blood vessels. This study assessed and compared the sustained
contraction of cow arteries after exposure to two forms of an ergot alkaloid, namely, ergocristine and ergocristinine. The effects of a specific
receptor blocker, phenoxybenzamine, on the vascular contraction induced by these forms were also examined. This study showed that both
forms of ergot caused a sustained contraction of cow arteries but to different magnitudes. Differences in contraction could be related to differ-
ences in how each form of ergot binds to receptors. The receptor blocker decreased the sustained contractile response of both forms of ergot.
Further understanding of how the different forms of ergot bind to receptors, and how to decrease the adverse effects, may help mitigate the
toxic effects of ergotism.
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Introduction the carbon 8 of the chemical structure (Crews, 2015). Cur-
rently, feed consumed by animals may contain ergot alkaloids
(Schummer et al., 2020). The ergot alkaloids ergocristine (R)
and ergocristinine (S) are found in high concentrations within
ergot sclerotia (Tittlemier et al., 2015; Kodisch et al., 2020;
Cherewyk et al., 2022). Standards are set for ergot alkaloid

Secondary metabolites produced by the fungus Claviceps
purpurea pose a health risk to humans and animals. These
metabolites, known as ergot alkaloids, have two configu-
rations known as the C-8-(R)-isomer (R-epimer) and C-8-
(S)-isomer (S-epimer), which are defined by a rotation at
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concentrations in feed for animal health and safety (Debeg-
nach et al., 2019). When consumed, ergot alkaloids can cause
a wide range of negative health effects in livestock, some
of which are attributed to the binding of ergot alkaloids to
vascular receptors resulting in blood vessel contraction and
reduced blood flow (Klotz, 2015). Ergot alkaloids have a sim-
ilar chemical structure to endogenous ligands, allowing the
ergot alkaloid-receptor binding. The vascular receptor targets
of ergot alkaloids are dopamine, serotonin, and alpha-adren-
ergic receptors. Alpha-adrenergic (Muller-Schweinitzer and
Sturmer, 1974; Oliver et al., 1993) and serotonin (Dyer, 1993;
Schéning et al., 2001; Trotta et al., 2018) receptors mediate
vasoconstriction. Alpha-adrenergic receptors are more abun-
dant in the peripheral vasculature (Liu et al., 2020). The
mechanism of vascular contraction caused by ergot alkaloids
has been studied ex vivo utilizing an aortic tissue bath or
myograph approach.

Ergot alkaloid research utilizing ex vivo techniques has pro-
vided robust evidence that ergot alkaloids cause a sustained
vascular contractile response. Dyer et al. (1993) observed that
a single low dose of ergovaline added to suspended bovine
uterine and umbilical arteries caused a delayed contractile
response, which peaked after 120 min. Furthermore, Klotz
et al. (2007) demonstrated that a single addition of ergov-
aline (1 x 10-* M) to a bovine lateral saphenous vein caused
a sustained vascular contractile response over an incubation
period of 105 min. Similarly, Pesqueira et al. (2014) revealed
that a single dose of ergocornine, ergocryptine, ergotamine,
or ergocristine, at a concentration of 1 x 10-* M, resulted
in a sustained contractile response over an incubation period
of 120 min. The sustained vascular contractile response was
speculated to be caused by multiple factors such as bioaccu-
mulation of ergot alkaloids in the vascular tissue, high affinity
of the alkaloids to the receptor, slow dissociation of the alka-
loids from the receptor, and/or nonspecific binding to multi-
ple receptors within the vascular tissue (Schoning et al., 2001;
Klotz et al., 2009; Pesqueira et al., 2014). The above ex vivo
studies, assessing the sustained vascular contractile response,
utilized R-epimers while S-epimers were not examined.

The S-epimers of ergot alkaloids have been denoted as
non or less bioactive compared to their corresponding R-epi-
mers (Smith and Shappell, 2002; Klotz, 2015). Recently, the
S-epimers demonstrated biological activity, causing vascular
contractility in isolated bovine vascular rings (Cherewyk et
al., 2020). Investigating the potential sustained contractile
response of S-epimers could further evaluate their biological
activity (Mulac et al., 2012).

The addition of specific receptor antagonists can be used
to attenuate the vascular contractile response related to ergot
alkaloid exposure. For example, Dyer et al. (1993) demon-
strated that prazosin and phentolamine, an alpha adrener-
gic selective competitive antagonist, did not inhibit vascular
contraction before ergovaline exposure using bovine arteries.
However, phenoxybenzamine (POB), a nonselective noncom-
petitive alpha adrenergic receptor antagonist, successfully
antagonized the contraction. The authors denoted the success
of POB to the theorized serotonin receptor antagonist prop-
erties of POB, and not that POB bound to alpha adrener-
gic receptors noncompetitively. Schoning et al. (2001) noted
that ketanserin, a serotonin (5-HT) competitive receptor
antagonist, could antagonize the contractile effect of ergov-
aline before, but not after, the addition of ergovaline. To the
authors’ knowledge, attenuation of precontracted arteries
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from ergot alkaloid exposure ex vivo using a noncompetitive
antagonist has not been studied.

The objective of this study was to examine and compare
the sustained vascular contractile response of the ergot epi-
mers ergocristine (R) and ergocristinine (S), over an extended
period after a single dose utilizing an ex vivo aortic tissue bath.
Ergocristine and ergocristinine were chosen as representative
ergot epimers since they are found in high concentrations in
certain contaminated commodities worldwide (Poapolathep
et al., 2021; Cherewyk et al., 2022). A second objective was
to analyze the effect of a noncompetitive alpha-adrenergic
antagonist on contracted arteries. The authors hypothesized
that the S-epimer would cause a vascular contractile response,
and the contractile repose would be different from the R-epi-
mer. Additionally, the authors hypothesized that a noncom-
petitive antagonist would antagonize the vascular contractile
effects due to ergocristine and ergocristinine exposure, during
the sustained vascular contractile response.

Materials and Methods

Animal ethics

No live animals were utilized in this study. Bovine arter-
ies were collected from a local abattoir. No animal ethics
approval was required; however, required paperwork was
submitted to the University of Saskatchewan, including how
many samples would be collected.

Artery collection

Arteries were collected, as described previously (Cherewyk et
al., 2020). Twelve healthy steers (15-30 mo old) of mixed
breed were euthanized at a local abattoir with a single animal
being killed during each visit. Immediately after euthanasia,
the dorsal metatarsal artery (approximately 15 cm) was care-
fully dissected from the right foot and placed into a small
sealable plastic container containing approximately 50 mL
of the oxygenated (95%/5 %, oxygen/carbon dioxide) Krebs—
Henseleit buffer (13.68 g NaCl, 0.7 g KCL, 0.28 g MgSO,,
0.32 g KH,PO,, 3.6 g NaHCO, g, 1.8 g glucose, and 0.74 g
CaCl, in two liters of deionized water, made in laboratory).
The container containing the buffer and artery was placed
on ice within an insulated container for transport to the lab-
oratory. Transport was approximately 20 min. Once at the
laboratory, excess fat, muscle, and fascia were removed from
the artery. The artery was cut into approximately 3-mm cross
sections, ensuring no vascular branches or damaged segments
of the artery were included. The artery cross sections were
placed in a Petri dish containing 4 °C Krebs buffer until they
were mounted onto the aortic tissue bath which was soon
after.

Aortic tissue bath

From each animal, four cross sections from the dorsal meta-
tarsal artery were suspended horizontally within a four-chan-
nel tissue bath system (Radnoti [159906], Monrovia, CA).
Each chamber contained 15 mL of Krebs—-Henseleit buffer
that was continuously oxygenated (95%/5%, oxygen/carbon
dioxide) and maintained at a temperature of 37 °C (pH =
7.4). The holding tank on the apparatus containing buffer
was also continuously oxygenated. Each arterial cross section
was allowed to equilibrate for 1 h under a resting tension of
1 g to establish a baseline tension with fresh buffer replace-
ment occurring every 15 min. Once the equilibration period
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was completed, phenylephrine (Fisher Scientific, Fair Lawn,
NJ), an alpha-adrenergic agonist, was administered to each
of the four arterial cross sections at a final concentration of
1 x 10-* M within the buffer. This was required to ensure
artery viability and to normalize the contractile response
of ergot-exposed arterial cross sections to their respective
maximum phenylephrine contractile response. Once phenyl-
ephrine was administered, arteries were allowed 14 min to
achieve maximal contractile response. Buffer replacement to
remove phenylephrine was conducted every 15 min until the
arterial cross sections relaxed and reached baseline tension.

Sustained vascular contractile response and effect
of noncompetitive antagonist

Ergocristine (R-epimer) and ergocristinine (S-epimer) were
purchased from Romer Labs (Vancouver, Canada). Ergocris-
tine and ergocristinine were reconstituted in 4 and 1 mL of
methanol, respectively. An aliquot of 73.4 pL from ergocris-
tine and ergocristinine obtained a concentration of 1 x 10-* M
within each tissue bath chamber containing 15 mL of buffer.
A dose of 1 x 10-* M was chosen based on the highest con-
centration the authors could obtain from the ergocristinine
standard vial. The same concentration was used for both epi-
mers to compare them. Solvent was below 0.5% of the buffer
solution (Klotz et al., 2010).

A single dose of ergocristine (R) or ergocristinine (S) was
added to the four arterial cross sections collected from each
animal (7 = 6 animals/epimer). Ninety minutes after the ergo-
cristine or ergocristinine dose, phenoxybenzamine hydrochlo-
ride (PHR1402, Pharmaceutical secondary standard, Sigma
Aldrich, Milwakee, USA) dissolved in methanol was added
to the buffer of two arterial cross sections (duplicates) at a
concentration of 1 x 10 M. The same volume of methanol
was added to the two other arterial cross sections to serve as
a control for the POB treatment. Buffer replacements were
made every 15 min for a total incubation period of 180 min.
At the end of all the incubation periods, phenylephrine
(1 x 10* M in buffer) was administered to confirm arterial
cross section viability.

Data collection and statistical analysis

Grams of tension from each arterial cross section were
recorded utilizing Biopac Student Lab PRO (professional
version 3.7.1, Goleta, CA). Grams of tension were recorded
every 15 min of the total 180-min incubation period for all
arterial cross sections. The tension measurements for each
arterial cross section were corrected to their corresponding
baseline values, normalized to the first addition of phenyleph-
rine, and averaged for the duplicate arterial cross sections. An
average of each of the six independent arteries (7 = 6 animal/
epimer) was presented as the percent normalized mean con-
tractile response for ergocristine or ergocristinine before and
after POB treatment or methanol control.

Statistical analyses and figures were conducted utilizing
SPSS 23 (IBM SPSS Statistics for Windows, version 23, IBM
Corp., Armonk, NY). Normality was tested for all groups uti-
lizing a one-sample Kolmogorov-Smirnov test, with a nor-
mal distribution considered at P > 0.05. Equal variance was
investigated utilizing Levene’s test for equality of variances.
Equal variance was considered at P > 0.05. These assump-
tions were tested relative to performed t-tests; normality and
equal variance are not an assumption of generalized estimat-
ing equations (GEE). Generalized estimating equations with

an unstructured matrix, and robust errors, to account for
repeated measures over time, was utilized as the statistical
analysis, followed by the appropriate post hoc test. Statistical
significance was considered at P < 0.05.

The normalized mean contractile response attributed to
ergocristine (R) or ergocristinine (S) was compared over time
in the methanol control group. The addition of methanol did
not affect the vascular contractile response; therefore, the
methanol control groups will be referred to as the control
groups. A significant effect of time lead to a multiple pair-
wise comparison with a sequential Sidak correction to assess
differences in the normalized mean contractile response over
time for each epimer.

Epimer type (R- or S-epimer), time and the interaction
between the effect of epimer type and time on the normalized
mean contractile response in the control groups was assessed.
A significant interaction led to an independent t-test to assess
differences in the normalized mean contractile response
between ergocristine (R) and ergocristinine (S) at each time
measurement.

The normalized mean contractile response between the
POB treatment and control groups, for ergocristine (R) and
ergocristinine (S) separately, over time was assessed. The inter-
action between the effects of treatment type (POB treatment
vs. control) and time for each epimer was investigated. If a
significant interaction occurred, a paired t-test was utilized
at each time point to investigate the differences between the
POB treatment and control groups for ergocristine or ergoc-
ristinine at each time point after the POB dose.

Results

The POB treatment and control groups at all time points were
found to be normally distributed (one-sample Kolmogorov—
Smirnov test, P > 0.05) except the ergocristine treatment
group at 15 and 180 min (one-sample Kolmogorov—Smirnov
test, P < 0.05). The ergocristine and ergocristinine control
groups had equal variance (Levene’s test for equality of vari-
ances, P > 0.05).

Ergocristine and ergocristinine produced a gradual increase
in arterial contractile response over the 180-min incubation
period in the control groups. The vascular contraction at the
end of the 180-min incubation period was greater than the
beginning 15-min time point (GEE, pairwise comparison,
Sequential Sidak correction, P < 0.05), for each epimer.

There was an interaction between effect of epimer type
(R- and S-epimer) and time on the normalized mean contrac-
tile response in the control groups (GEE, Wald Chi Square =
137.4,df =10,and P < 0.001). The normalized mean contrac-
tile response attributed to ergocristine (R) or ergocristinine
(S) was not different from one another at the 15-, 30-, 45-min
time points (independent t-test P > 0.05). The normalized
mean contractile response at the 60-min time point, and each
15-min time point following up to 180 min, was different
between the two epimers (independent t-test, P < 0.05), with
the R-epimer demonstrating a greater contractile response
(Figure 1). Data for the comparison between the ergocristine
and ergocristinine control groups are available in Supplemen-
tary Table 1.

When assessing the effect of the POB on the normalized
mean contractile response of ergocristine or ergocristinine, an
interaction between the effect of treatment type (POB treat-
ment vs. control) and time and was observed (GEE, Wald Chi
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Figure 1. Sustained arterial contractile response attributed to R- and S-epimers of an ergot alkaloid. Mean (n = 6) arterial contractile response of bovine
dorsal metatarsal artery exposed to ergocristine (R) or ergocristinine (S) (1 x 10-° M each) normalized to phenylephrine observed over an incubation
period of 180 min in the control groups. Error bars are standard error of the mean. Time points at which the normalized mean contractile response
was significantly different between the R-and S-epimers are denoted with an * (asterisk) (P < 0.05). The normalized mean contractile response of
ergocristine was greater than that of ergocristinine at 60-180 min (generalized estimating equations, independent t-test).

Square = 186.33, 275.72, for ergocristine and ergocristinine,
respectively, df =5, and P < 0.001 for both epimers). There
was a decrease in the normalized mean contractile response
for the POB treatment group compared to the control group,
from 105 to 180 min for ergocristine (Figure 2a) and ergo-
cristinine (Figure 2b) (paired t-test, P < 0.05 for each epi-
mer). The POB treatment and control group comparison data
for ergocristine (R-epimer) and ergocristinine (S-epimer) are
available in Supplementary Table 2.

Discussion

Vasoconstriction is a well-known adverse effect of ergot alka-
loid exposure. Multiple ex vivo studies have demonstrated the
vascular contractile effects of ergot alkaloids in arterial rings
of different animal species (Schoning et al., 2001; Foote et
al., 2011; Klotz and McDowell 2017). A common method of
assessing vascular contraction from ergot alkaloid exposure
is a cumulative dose-response approach (Klotz et al., 2010).
Furthermore, sustained vascular contraction has been demon-
strated after a single dose of ergot alkaloids (Solomons et al.,
1989; Dyer, 1993; Klotz et al., 2007; Pesqueira et al., 2014).
Sustained vascular contractile responses have been assessed
utilizing the R-epimers of ergot alkaloids. Specifically, a sin-
gle dose of 1 x 10* M ergocristine to bovine arteries caused
a sustained contractile response which appeared to plateau
after a 120-min incubation period (Pesqueira et al., 2014).

Similarly, in the present study, ergocristine caused sustained
vascular contractile response in bovine arteries at a single
dose of 1 x 10-°* M over 180-min incubation period. The vas-
cular contractile response also appeared to be approaching
a plateau. While the R-epimers of ergot alkaloids have been
assessed for sustained vascular contraction, the S-epimers
have not.

This study is the first to assess sustained vascular contrac-
tion after exposure to a S-epimer of ergot alkaloids. Ergocris-
tinine (S) has been noted to be a stable S-epimer in terms of
epimerization (Mulac et al., 2012). Utilizing a bovine artery,
ergocristinine caused a sustained vascular contractile response
over a 180-min incubation period, which further supports
the evidence of S-epimers bioactivity as previously reported
(Cherewyk et al., 2020). Ergocristinine is found at high con-
centrations within ergot contaminated grain (Cherewyk et
al., 2022) and feed samples (Poapolathep et al., 2021). It is
therefore important to assess the adverse effects of S-epimers.

The sustained vascular contractile response between ergo-
cristine (R) and ergocristinine (S) was different. Ergocristine
had a greater sustained contractile response that appeared
to reach a plateau, compared to ergocristinine. The later,
however, did not appear to approach a plateau even after
180 min of incubation. Ergot alkaloids cause vasocontrac-
tion by binding to vascular receptors and have been shown to
possess slow association and dissociation rates (Schoning et
al., 2001; Saper and Silberstein, 2006; Unett et al. 2013). In
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Figure 2. (a and b) Normalized mean (n = 6) arterial contractile response of a single (a) ergocristine (R-epimer) (1 x 10-¢ M) or (b) ergocristinine
(S-epimer) (1 x 10-¢ M), dose observed before and after the addition of phenoxybenzamine (POB) (1 x 10~ M) or a volume matched methanol control
(control) at 90 min. Bovine dorsal metatarsal arteries were used. Error bars are standard error of the mean. The time at which a significant difference
occurred between the normalized mean contractile response of the POB treatment and control groups are represented by * (P < 0.05). There were
significant differences in the normalized mean percent contractile response between POB treatment and control at 105-180 min (generalized
estimating equations, paired t-test).



this study, the observed differences in sustained vascular con-
tractile response between ergocristine and ergocristinine sug-
gest differences in receptor association and dissociation rates
between the R- and S-epimers. Association and dissociation
rates are related to affinity. Suggested differences in receptor
binding kinetics between ergocristine and ergocristinine may
be due to differences in affinity.

Ergot alkaloids have demonstrated high affinity to vascu-
lar receptors (MacLennan and Martin, 1990; Hanoun et al.,
2003). Particularly, ergot alkaloids have high affinity to alpha
adrenergic receptors (Gornemann et al., 2008). The contrac-
tile effects of ergot alkaloids cannot be reversed if signs of
contractility are present (Schoning et al., 2001), which may
relate to the high affinity of ergot alkaloid to the vascular
receptors. To reduce the vascular contractile effects of ergot
alkaloids ex vivo, antagonists and agonist have been utilized.
A noncompetitive antagonist binding to an allosteric, instead
of an orthosteric, site of the receptor may, therefore, be more
useful in antagonizing ergot alkaloids.

Phenoxybenzamine is a known nonselective, irreversible,
noncompetitive antagonist of alpha-adrenergic receptors
(Bodenstein et al., 2005). In the present study, POB attenu-
ated the vascular contractile response in already contracted
arteries exposed to ergocristine and ergocristinine. Precipitate
occurred after POB was administered into the buffer. The
attenuation of ergot-induced sustained contractile effects by
noncompetitive antagonists may prove useful in alleviating
some of the clinical effects of ergotism. The use of such drugs
is currently not feasible due to cost.

Ergot alkaloids bind nonspecifically to vascular receptors
(Saper and Silberstein, 2006) such as the serotonin receptor,
mediating peripheral vascular contracture (Valente et al.,
2022). However, POB is foremost an alpha-adrenergic antag-
onist (Yoham, 2022); therefore, the present study supports
the involvement of alpha-adrenergic receptors mediating arte-
rial contraction after exposure to R- or S-epimers of ergot
alkaloids. The involvement of alpha-adrenergic receptors
with ergot alkaloid exposure has been reported previously
(Klotz et al., 2016).

Comparison of the antagonist effects of POB on the R- and
S-epimers after the 90 min was not conducted. The vascu-
lar contractile response attributed to the S-epimer at 90 min
was minimal but increased during the following time points.
Therefore, it was not possible to compare the antagonist
effect of POB on each epimer after the POB treatment. The
90-min time point was chosen based on previous findings
which reported substantial contractile response of R-epimers
at this period (Klotz et al., 2007; Pesqueira et al., 2014).

In conclusion, ergocristine (R) and ergocristinine (S) caused
sustained vascular contraction of bovine arteries. The sus-
tained vascular contraction differed between the two epi-
mers, suggesting differences in the kinetics and affinity of
each epimer to vascular receptors. Further investigation into
the binding mechanism for the R- and S-epimer, and S-epi-
mer bioactivity, is needed. The noncompetitive antagonist,
POB, attenuated the contractile response associated with the
R- and S-epimer, supporting use of noncompetitive antago-
nists to reduce ergot alkaloid effects ex vivo. Future studies
may include a longer incubation period to further assess if
the S-epimer reaches a plateau and if the R- and S-epimer
can be analytically detected within the arterial segments. It is
possible that the contractile response is related to the conver-
sion of the epimers. Limited studied have assessed epimeriza-
tion of the S to the R-epimers. The S-epimers may convert to
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the R-epimers in acidic solutions (Komarova and Tolkacheyv,
2001); however, the present system was maintained at a pH
of 7.4 at 37 °C. Based on the literature, the extent of epi-
merization should be minimal within the experimental time
frame and the results likely reflect the effect of the specific
epimer (Smith and Shappell, 2002; Mulac and Humpf, 2011).
Overall, this research contributes to the understanding of the
ergot epimer-receptor binding mechanisms which are crucial
for further understanding of new treatments of ergot toxicity.

Supplementary Material

Supplementary data are available at Journal of Animal Science
online.
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