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The increasing spread of ragworts is observed with concern. Received 21 March 2023
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marsh ragwort (J. aquatica) contain pyrrolizidine alkaloids (PA)
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studies on toxicity of PA for dairy cows revealed inconsistent traits
results due to feeding ragwort plant material which was
associated with heterogeneous PA exposure and thus failed to
conclusively deduce critical PA doses. Therefore, the aim of the
present study was to expose dairy cows (n=4 per group)
in a short-term scenario for 28 days with increasing PA doses
(PAT1: 0.47 mg PA/kg body weight (BW)/day (d); PA2: 0.95mg
PA/kg BW/d; PA3: 1.91 mg PA/kg BW/d) via oral administration
by gavage of a defined PA-extract. While group PA3 was dosed
with the PA-extract alone, groups PA2 and PA1 received PA-
extracts blended in similar volumes with molasses to provide
comparable amounts of sugar. Additionally, two control groups
were treated either with water (CONwater) Or wWith molasses
(CONpolasses) to assess the effects of sugar without PA interfer-
ence. While clinical traits including dry matter intake, milking
performance, rectal body temperature, ruminal activity and
body condition score (BCS) were not influenced by PA exposure,
activities of enzymes indicative for liver damages, such as
gamma-glutamyltransferase (GGT), aspartate aminotransferase
(AST) and glutamate dehydrogenase (GLDH), increased signifi-
cantly over time at an exposure of 1.91 mg total PA/kg BW/d.
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1. Introduction

Pyrrolizidine alkaloids (PA) are toxic secondary plant metabolites, present in more than
6000 plant species and consisting of about 600 known isolated structures. PA are mostly
present in the plant families Asteraceae, Boraginaceae, Fabaceae and Orchidaceae
(Hartmann and Witte 1995; Hoogenboom et al. 2011; EFSA 2016).

The core structure of PA is an ester alkaloid of a necine base esterified with a necine
acid. PA occur as monoesters, open-chain or macrocyclic diesters or even triesters.
Chemical modifications lead to a great diversity of structures (Hartmann and Witte
1995; Fu et al. 2004). Furthermore, the nitrogen in the necine base can be oxidised
resulting in the N-oxide form of the PA. Without this oxide, they are referred to as free
base form. PA are mostly synthesised, stored and translocated in plants in the form of
their corresponding N-oxides (Hartmann and Witte 1995).

In a situation of sufficient forage availability, most domesticated grazing animals avoid
ragworts. In the production of preserved feed, especially hay or pressed pellets/cubes,
from contaminated meadows ragworts can be mixed within these feedstuffs (Candrian et
al. 1984; Berendonk et al. 2010). As a consequence, avoidant selection is barely possible
for the animals and PA might be ingested through the offered individual feed or total
mixed ration (TMR). Silage poses less of a risk, as a reduction of PA occurs during silage
production (Gottschalk et al. 2015; Klevenhusen et al. 2022). The highest PA concentra-
tions of feed prepared from contaminated meadows were found in Lower Austria during
the flowering time in July and August, exceeding a total alkaloid concentration of 100
mg/kg in the green cuttings (Chizzola et al. 2015).

PA are protoxins. After ingestion, they are metabolically activated to reactive pyrrole
esters by cytochrome P450 monooxygenases, mainly expressed in the liver. These pyrrole
esters irreversibly bind to DNA or proteins and thereby induce toxic effects (Segall 1978;
Mattocks et al. 1986; Hartmann and Witte 1995; Fu et al. 2004; Joosten et al. 2010; EFSA
2011; Wiedenfeld and Edgar 2011).

Previous studies have shown that the effects caused by PA include hepatoxicity,
developmental toxicity, genotoxicity and carcinogenicity depending on dose, duration
and species (Mattocks et al. 1986; Fu et al. 2004; Stegelmaier 2004; Hoogenboom et al.
2011; EFSA 2016). Acute toxicity assessment revealed lethal ragwort doses of 40-80 g/kg
body weight (BW), 140 g/kg BW, and >1240 g/kg BW for horses, cows, sheep and goats,
respectively (Liischer et al. 2005). The ruminal PA metabolism reduces the N-oxide form
to the corresponding free base form and finally results in saturated, non-toxic structures.
Nevertheless, some PA show slow degradation rates (Taenzer et al. 2022). The ruminal
metabolism provides an explanation for the decreased susceptibility of cows and other
ruminants towards PA, compared to monogastric species (Cheeke 1988).

Ragwort intoxication in livestock is characterised by reduced feed intake, watery or
bloody diarrhoea, decrease in BW, and it is accompanied by difficulties in walking and
standing, as well as increased photosensitivity, rumen atony, colic-like symptoms and
liver toxicity (Davidson 1935; Bull et al. 1968; Dickinson et al. 1976; Mattocks et al. 1986).

Studies regarding the effects of PA exposure on the health of dairy cattle are scarce.
Previous studies were mostly performed using not always clearly defined plant material,
particularly with regard to PA concentration and distribution in the administered plant
batches (Dickinson et al. 1976; Shimshoni et al. 2015). For example, Dickinson et al.
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(1976) used an analytical method for toxicants and milk where only the free base form
was determined. However, the present N-oxides in feed are important regarding the
overall toxicity due to the metabolism to the free base form and further rumen metabo-
lites (Taenzer et al. 2022). Generally, the use of fresh, dried or ground plant material
carries the risk of uneven PA administration with possible consequences for individually
occurring toxic effects. The administration of 0.38 g dry matter (DM) Senecio brasiliensis/
kg BW/day (d) in five calves over 24 d led to digestive complications during the trial,
death of one calf after 45 d and fibrotic livers detected post-mortem (Torres and Coelho
2008). The administration of 10g DM Jacobaea vulgaris/kg BW/d corresponding to
approximately 16 mg PA/kg BW/d to four fistulated cows over 2 weeks led to a decrease
in body weight as well as in milk yield (Dickinson et al. 1976). The experiment of
Hoogenboom et al. (2011) with three cows administered up to 200 g dried ragwort
(2.3 g PA/kg DM; 0.66-0.77 mg PA/kg BW/d) did, however, not show a decrease in
BW nor in milk yield. Based on those and other published results (e.g. Goeger et al. 1982;
Johnson and Smart 1983; Stegelmaier 2004; Shimshoni et al. 2015; Mulder et al. 2016,
2020), the effective toxic dose of PA in ruminants including cows has poorly been defined
so far mainly due to the uncertainty caused by PA variation and possible inhomogeneity
of the used plant material.

The present study aims to identify PA dose-dependent effects in dairy cows in a short-
term exposure scenario. An extract from dried tansy ragwort (Jacobaea vulgaris Gaertn.)
was used as a PA source instead of plant material and was daily administered orally on a
BW basis to avoid uncertainty caused by feeding.

2. Materials and methods
2.1. Production of the PA-extract

The used tansy ragwort (Jacobaea vulgaris Gaertn.) was harvested in summer 2019 from a
meadow in northern Germany, which was naturally covered. The tansy ragwort was
thereby picked by hand without the root. After drying the plant material, the PA-extract
was prepared using aqueous methanol (90%) in several extraction steps. Afterwards, the
methanol was removed via evaporation (Phytoplan, Heidelberg, Germany; Taenzer et al.
2022).

2.2. Experimental design and procedures

The trial was conducted at the experimental station of the Friedrich-Loeffler-Institut
(FLI), Braunschweig, Germany, in agreement with the German Animal Welfare Act
accepted by the Lower Saxony State Office for Consumer Protection and Food Safety
(LAVES), Germany (file number 33.19425020419/3191).

The experiment was planned as a dose response study. For this, 20 pluriparous (2
lactation), non-pregnant, clinically inconspicuous lactating German Holstein cows
(169.7 £ 30 d in lactation; mean + standard deviation (SD)) were assigned to five treat-
ment groups (n =4 per group) considering comparable milk yield and BW. Already over
3 weeks before the start of the experiment, all cows had been fed with the TMR that they
also received later during the trial. The TMR consisted of 30% maize silage, 30% grass
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Table 1. Components, nutrient composition and energy content of the concentrate, the grass silage
and the maize silage used for the total mixed ration.

Concentrate feed Grass silage Maize silage
Components [g/kg OS]

Rapeseed meal 130

Soybean meal 120

Wheat 140

Barley 140

Maize 156

Triticale 120

Dried sugar beet pulp 140

Urea 6

Calcium carbonate 13

Nacl 2

Soybean oil 15

Mineral premix* 18

Analysed dry matter [g/kg] 882 293 366
NEL (MJ/kg DM) 7.9 5.8 6.8

Analysed nutrient composition [g/kg DM]

Crude ash (XA) 69 117 39
Crude protein (XP) 211 140 83
Crude fat (XL) 48 48 35
Crude fibre (XF) 66 298 168
Neutral detergent fibre (aNDF*,,,") 176 545 347
Acid detergent fibre (ADFop,") 91 337 188

0S = original substance, NEL = net energy lactation, DM = dry matter;

*Ingredients per kg mineral premix according to manufacturer’s information: 140 g Ca; 70 g P; 120 g Na; 40 g Mg;
69Zn;5.49Mn; 1gCu; 100 mg I; 40 mg Se; 25 mg Co; 1,000,000 IU vitamin A; 100,000 IU vitamin D3; 1500 mg
vitamin E;

*a-amylase treated neutral detergent;

*excluding residual ash.

silage and 40% concentrate feed on a DM basis (Table 1). The cows were supplied with
energy and nutrients, according to the recommendation of the Society of Nutrition
Physiology (GfE 2001).

Cows were housed in group pens, equipped with slatted floors and cubicles. Feed and
water were offered ad libitum from computerised self-feeding stations (Insentec, B.V.,
Marknesse, The Netherlands), whereby the individual amounts of water and feed intake
were recorded via ear transponders. Concentrate feed samples were collected weekly and
pooled over the time of the trial. The maize and grass silage samples were collected and
pooled twice a week. TMR samples were collected daily and then pooled.

To standardise the exposure levels corresponding to BW, the amount of PA-extract
supposed to be fed was calculated based on the extract’s PA-concentration and the mean
BW prior to the beginning of the experiment which resulted in the target-PA exposure of
0.45, 0.90 and 1.80 mg/kg BW/d for group PA1, PA2, PA3, respectively. The choice of the
doses used in the present experiment was based on the carry over experiment reported by
Hoogenboom et al. (2011) where the PA exposure scenario relied on an increase in the
amount of PA containing plant material during a period of 3 weeks and reached a
maximum exposure of approximately 0.7 mg total PA/kg body weight when taking the
reported daily dose of 450 mg total PA/d and an assumed body weight of 650 kg into
account. With this exposure regimen, no clinical signs of toxicity were observed. As the
focus of this experiment was on carry-over aspects and not on animal health, the authors
concluded that the toxicity of PA for cows still needs to be investigated. Therefore, we
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Table 2. Pyrrolizidine alkaloid exposure and administration of the substances to the experimental

groups.
Target Realised
PA-exposure PA-exposure PA-extract Molasses

Group [mg/kg BW/d] [mg/kg BW/d] [g/kg BW/d] [g/kg BW/d]
CONwater 0 <0.01 0 0
CONMoIasses 0 <0.01 0 0.45
PA1 0.45 0.47 0.11 0.34
PA2 0.90 0.95 0.23 0.23
PA3 1.80 1.91 0.45 0

BW = body weight, CON = control, d = day, PA = pyrrolizidine alkaloids.

designed our experiment as a dose-response experiment whereby a doubling of the doses
was intended starting at a dose of 0.45 mg PA/kg body weight in order to have one dose
lower than the mentioned 0.7 mg PA/kg body weight, one approximating this dose and a
higher one. The realised PA-exposure deviated <6.1% from the target PA-exposure
(Table 2). The PA-extract was administered via gavage, consistent in terms of time,
once daily in a short-term exposure scenario for 28 d. Due to the high sugar content of
the PA-extract, the control group CONyjojasses Was included in the trial’s design (Table 3).
Group CONjjolasses received volumes of sugar cane molasses (Hansa Melasse
Handelsgesellschaft, Bremen, Germany) similar to those of group PA3, which obtained
the total amount as PA-extract. For the control group CONyy,er» @ similar volume of tap
water was administered (Table 2).

During the week before the start of the experiment, individual control samples of milk
and blood were taken. On the day before the start of the trial (-1 d), an indwelling
catheter was placed in a Vena jugularis externa for a stress-free blood sampling, and was

Table 3. Nitrogen, methanol, carbohydrates and Klason lignin of the PA-extract and the sugar cane
molasses [g/kg].

PA-extract Sugar cane molasses
Dry matter 785 683
Nitrogen 49 9.0
Methanol 2.8 <0.001
Free LMW-sugars
Glucose 38.5 47.5
Fructose 72 71
Sucrose 133.5 240.5
Fructans 57.5 0
Arabinose 9 2
Xylose 1 0.5
Galactose 27 2
Uronic acids 2 1
Soluble NCP
Arabinose 0 2
Xylose 0 1
Mannose 1 1
Galactose 0 2
Glucose 0.5 3
Uronic acids 0 0
Insoluble NCP 0 0
Cellulose 0 0
Total carbohydrates 342.0 373.5
Klason lignin (Acid insoluble residues) 8.5 1.5

PA = pyrrolizidine alkaloids; LMW = low molecular weight; NCP = non-cellulosic polysaccharides.
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removed again on day 3 of the experiment. The trial started with blood sampling directly
before administration of the experimental substances (water, molasses, PA-extract). Oral
administration of the substances was conducted daily after the morning milking via
gavage. During the first 24 h, blood was sampled at 0.5h, 1 h,2h,3h,4h,5h,6h, 12h
and 24 h after administration of the test substances (data not shown). During the first
week of the trial, morning and afternoon milk as well as blood samples were taken once
daily, except at days 4 and 6 where no blood samples were collected. In the following
weeks (2-4), milk and blood were sampled once weekly, with an additional blood
sampling on day 10 (Supplementary material, Figure S1). Blood was in each case sampled
1.5 h after the test substance administration. After storing it at 30°C for 30 min, the blood
serum and the plasma were centrifuged (Heraeus Varifuge 3.0 R Heraeus, Osterode,
Germany; 3000 U/min, 15°C, 15 min). Plasma for PA analysis was then stored at —20°C,
while blood serum for analysis of clinical-chemical traits was kept at 80°C until further
analyses. The cows were milked twice daily in the morning (5 a.m.) and afternoon (2 p.
m.). The milk yield was determined automatically (Lemmer Fullwood GmbH, Lohmar,
Germany), and the BW was recorded automatically by scale after leaving the milking
parlour. Additionally, twice a week the morning and afternoon milk was sampled for
further analyses of the milk components. Every week, the body condition score (BCS)
was evaluated according to the 5-point scale proposed by Edmonson et al. (1989), and a
clinical monitoring of the cows including visual inspections of the mucous membranes
and measurements of the rectal body temperature was performed. Furthermore, hints at
central nervous disorders, like abnormal movement, blindness or cramps were examined.
For detection of gastro-intestinal disorders, the appearance of faeces was evaluated
optically concerning colour and consistency, and rumen contractions per 2 min were
determined by auscultation. The stable climate data (temperature, humidity) were
recorded with an automated sensor (smaXtec Climate Sensor, smaXtec animal care
GmbH, Graz, Austria).

2.3. Analyses

2.3.1. Crude nutrients and further analyses of feed components, molasses, PA-
extract and milk

The pooled and stored feed samples were dried at 60°C and ground in accordance with
the methods of the Association of German Agricultural Inspection and Research
Institutes (VDLUFA 2006) using the following methods: No. 3.1 for DM, No. 4.1.2 for
Dumas combustion method for nitrogen, No. 5.1.1 for either extract, No. 6.1.1 for crude
fibre, and No. 6.5.2 for aNDFoy. DM and total nitrogen in the PA-extract and in the
molasses were also analysed by the aforementioned methods.

The milk samples were assayed for their composition (fat, protein, urea, and lactose)
using an infrared milk analyser and somatic cell count (SCC) by flow cytometric
measurement (Milchwirtschaftlicher Kontrollverband Mittelweser e.V., Rehburg-
Loccum, Germany).

For the determination of the residues of methanol in the PA-extract and in the
molasses the method after DIN EN 14,110 was used (LKS Labor, Lichtenwalde,
Germany).
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The quantification of carbohydrates in the PA-extract and in the molasses was done by
an enzymatic assay for free glucose, fructose, sucrose and fructans according to Larsson
and Bengtsson (1983) and by an enzymatic-chemical-gravimetric procedure for low
molecular weight (LMW) carbohydrates, soluble and insoluble non-starch polysacchar-
ides (NSP), and Klason lignin (acid-insoluble residues) as described by Lerke et al.
(2015).

2.3.2. PA analysis in feed, molasses and PA-extract and blood plasma

PA concentrations of the feed components including molasses were analysed at the
Ludwig-Maximilians-University of Munich (LMU). For this, 2 g of each the molasses,
feed and PA-extract were mixed with 40 ml aqueous formic acid (2%), then centrifuged
and filtrated over pleated filter. This was followed by solid-phase extraction (SPE)
purification with PCX cartridges. The cartridges were eluted with ammoniated methanol,
and the eluates were evaporated using nitrogen at 50°C and reconstituted in 500 ul
aqueous methanol (10%). The quantification was performed by LC-MS/MS applying
external solvent calibration. The lowest calibration point was used as the quantification
limit (LOQ) for an analyte for which the formal specifications still met. The limits of
detection (LOD) across all analytes varied between 0.01 and 1.0 pg/kg.

Analysis of PA levels of the PA-extract was performed by LMU as follows: The PA-
extract was diluted with water (1/2000; 1/10,000; 1/20,000; 1/100,000; w/w) and subse-
quently filtered through a syringe filter (0.2 pm, regenerated cellulose, Macherey-Nagel,
Diiren, Germany) prior to LC-MS/MS analysis. Quantification was performed via exter-
nal calibration by measuring six calibration standards in methanol (10%) ranging from
0.5 to 50 ng/ml of each analyte, or via standard addition by preparing and measuring one
additional spiked sample (+10 ng/ml) of the 1/20,000 diluted extract.

A Shimadzu HPLC system (DGU-405, LC-20AB, SIL-20AC HT, CTO-20AC, CBM-
20A, Duisburg, Germany) coupled to an API4000 triple quadrupole MS (Sciex,
Darmstadt, Germany) was used by the LMU. Analysis of the PA-extract was performed
at the beginning of the study using acidic chromatographic solvent conditions (Kaltner et
al. 2019), while later for analysis of the feed and the molasses, a basic solvent A (10 mM
ammonium carbonate at pH 9) and pure acetonitrile as solvent B (Klein et al. 2022) were
used to improve chromatographic separation. Injection volume was 10 pl at a flow rate of
0.4 ml/min or 0.3 ml/min, respectively. The exact mass spectrometric settings, gradient
programme and mass transitions were described in detail by Kaltner et al. (2019) and
Klein et al. (2022).

The determination of PA in blood plasma and the PA extract was performed in a
parallel analysis by the German Federal Institute for Risk Assessment (BfR) as follows:
Prior to LC-MS/MS analysis, PA-extract samples were prepared by dilution with aqueous
methanol (5%). After filtration through a centrifugal filter (modified nylon 0.2 um, VWR,
Radnor, Pennsylvania) the diluted PA-extract was directly analysed using a 10-point
external calibration (working range 1 to 400.0 pg/kg). Plasma samples were prepared by
injecting 200 pl of the plasma in 800 pl acetonitrile during shaking. The samples were
sonicated, then centrifuged and 800 pl of the supernatant was dried under a stream of
nitrogen. The residue was dissolved in 400 ul aqueous methanol (5%) and filtered
through a centrifugal filter. Quantitation in plasma samples was achieved using a 10-
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point matrix-matched calibration (working range 0.5 to 200 ug/kg), whereby samples of
group CONyy,er Were not analysed.

All measurements of the BfR were conducted on an Agilent 1290 infinity series
UHPLC system (Agilent Technologies, Santa Clara, USA). Chromatographic reversed-
phase (RP) separation with 2 pl injection volume was performed on a C18 Hypersil Gold
column (150 mm x 2.1 mm; 1.9 um particle size) with guard column (Thermo Fisher
Scientific) at a flow rate of 0.3 ml/min by gradient elution within 15 min (Supplementary
material, Table S1). The binary mobile phase was composed of water as mobile phase A
and methanol as mobile phase B, both containing 0.1% formic acid and 5 mmol ammo-
nium formate. Electrospray ionisation tandem mass spectrometry (ESI-MS/MS) data
were acquired in the positive ionisation mode on a QTRAP 6500 MS/MS system (Sciex,
Washington, D.C., USA). Three MRM transitions were measured per analyte
(Supplementary material, Table S2).

2.3.3. Clinical-chemical traits

The blood serum analyses for liver-associated parameters like albumin, bilirubin, urea,
alkaline-phosphatase (ALP), creatinine, gamma-glutamyl-transferase (GGT), total pro-
tein, alanine aminotransferase (ALT), aspartate-aminotransferase (AST), glutamate
dehydrogenase (GLDH) were performed using an automated analysis system
(IndikoTM Plus, Thermo Fisher Scientific, Hennigsdorf, Germany).

2.4. Calculations

The energy content of the ration was calculated by using the equations for estimation of
metabolisable energy (ME) and gross energy (GE) as provided by the Society of Nutrition
Physiology (GfE 2001). These parameters are necessary to calculate the energy bal-
ance (EB).

Net energy intake (NEI):

NEI[M] NEL/d| = Daily DM intake [kg/d)
« Energy content of the ration|]M] NEL/kg DM]

Energy for maintenance requirement (NEM):
NEM[MJ NEL/d] = 0.293 x BW®7’[kg]
Net energy requirement for milk production (NEL):
NEL[M] NEL/d) = (Energy content of milk [M]/kg] + 0.087) x Milk yield[kg/d]
Energy content of milk:
[M] NEL/kg] = 0.95 + 0.38 x Milk fat[%] + 0.21 x Milk protein[%)
The EB was calculated by the difference between NEI, NEM and NEL (GfE 2001):
EB[MJ NEL/d] = NEI[MJ NEL/d] — NEM[MJ NEL/d] — NEL[MJ NEL/d]

Energy corrected milk yield (ECM) was calculated according to the following equation by
the Society of Nutrition Physiology (GfE 2001)
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ECMIkg/d] = Milk yieldlkg/d] + (1.05 + 0.38 x Milk fat[%] + 0.21 * Milk protem[%})

3.28

Temperature humidity index (THI) was calculated according to Hahn (1999) using dry-
bulb temperature [td, °C] and relative humidity (RH) expressed as decimal number:

THI = 0.8 % td + RH * (td — 14.4) + 46.4

2.5. Statistics

Results are presented as least square means (LS means) with standard errors (SE). All
data were statistically analysed using the MIXED procedure (Littell et al. 1998) of SAS
software (version 9.4; SAS Institute Inc., Cary, NC, USA). The mean value of the last two
measurements before the first administration of the test substances was included as
covariates in the model, except for the performance parameters (dry matter intake,
bodyweight, energy balance and energy corrected milk yield), where the mean value of
day —21 to day —8 before the start of the trial was used as covariate. For each measured
variable, different covariance structures (compound symmetry (cs), variance compo-
nents (vc), autoregressive (1) (AR (1)), unstructured (un)) were compared and selected
for the best Akaike information criterion corrected for small sample sizes (AICC). The
day and the group as well as their interaction were set as fixed factors. The cow was
implemented as a random effect. Tukey adjusted t-test (PDIFF) evaluated differences
between LS means and those were seen as significant if p-values were <0.05, while p-
values <0.1 were considered as tendencies. If the model residuals did not show normal
distribution, Box—Cox transformed data were used for statistics (Gurka et al. 2006) and
transformed back for uniform presentation. In this case, the back-transformed 95%
confidence intervals were used instead of SE.

3. Results
3.1. Composition of feed, molasses and the PA-extract

The analysed nutrient composition and the calculated NEL-concentrations of the feed are
shown in Table 1. Analysis revealed that the PA-extract contained a methanol residue of
2.8 g/kg (Table 3). This resulted in a daily methanol exposure of 0.32 mg/kg BW/d, 0.64
mg/kg BW/d and 1.27 mg/kg BW/d for groups PAl, PA2, and PA3, respectively.
Methanol concentration of molasses remained undetectable <0.001 g/kg. The DM con-
tent of the PA-extract and the molasses amounted to 68% and 79%, respectively, and total
carbohydrates content to 34% and 37% (Table 3), respectively. Therefore, the adminis-
tration of PA-extract and molasses resulted in additional sugar intake of 0.16 + 0.01 g/kg
BW/d for all groups except group CONyy,er- The total PA concentration of the PA-
extract was 4184.4 mg PA/kg (Table 4). No PA were detected in maize and grass silage,
whereas traces of individual PA different from the pattern of the PA-extract were found
in concentrate feed and molasses.
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Table 4. Concentration [mg/kg] of different PA in the feed [DM], the molasses [OM] and the PA-extract
[OM] containing the percentual composition.

PA-extract
Concentrate Grass Maize

feed* silage* silage* Molasses* BfR LMU Mean  [%)]
Erucifoline <LOD <LOD <LOD <LOD 2726  266.1 2693 6.4
Erucifoline NO <LOD <LOD <LOD <LOD 222.2 191.8 207.0 49
Jacobine <LOD <LOD <LOD <LOD 2333 2402 2368 5.7
Jacobine NO 8.0-107° <LOD <LOD <LOD 142.6 100.1 1213 29
Jacoline <LOD <LOD <LOD <LOD 134.5 1454 1400 33
Jacoline NO <LOD <LOD <LOD <LOD 354 37.0 362 09
Jaconine <LOD <LOD <LOD <LOD 14155 14202 14178 339
Jaconine NO <LOD <LOD <LOD <LOD 340.7 285.5 3131 75
Riddelliine <LOD <LOD <LOD <LOD 64.3 40.5 524 13
Riddelliine NO <LOD <LOD <LOD <LOD 69.1 539 615 15
Retrorsine <LOD <LOD <LOD <LOD 79.1 71.6 754 1.8
Retrorsine NO <LOD <LOD <LOD <LOD 110.6 83.1 968 2.3
Senecionine <LOD <LOD <LOD <LOD 2485 2172 2328 5.6
Senecionine NO <LOD <LOD <LOD <LOD 308.4 2713 2899 6.9
Senkirkine <LOD <LOD <LOD <LOD 7.4 12.0 9.7 0.2
Seneciphylline <LOD <LOD <LOD <LOD 293.1 3261 3096 74
Seneciphylline NO <LOD <LOD <LOD <LOD 3371 2925 3148 75
Lycopsamine 52107 <LOD <LOD 36107 NA <lOD <lOD 0
Intermedine® 45107 <LOD <LOD 1.7:107* NA <LOD <lOD 0
Echinatine® <LOD <LOD <LOD 6.2:107* NA <LOD <LOD 0
Rinderine® <LOD <LOD <LOD 8.0-107* NA <LOD <LOD 0
Echimidine 1.0-107° <LOD <LOD <LOD NA <LOD <LOD 0
Heliosupine® 16107 <LOD <LOD <LOD NA <LOD <LOD 0
Total 2.0-107* <LOD <LOD 2.0-10°3 4314.2 4054.6 4184.4 100

DM = dry matter, LOD = limit of detection (1.0-107°-1.0-10"> mg/kg), NA = not analysed, NO = N-oxide, OM = original
matter, PA = pyrrolizidine alkaloids;

*Exclusively analysed by the LMU;

aLycopsamine-isomer;

PEchimidine-isomer.

3.2. Environmental conditions

The temperature in the barn nearly constantly increased from day 1 to day 17.
Afterwards, the temperature declined until day 28. The warmest period was the third
week of the trial, with a mean temperature higher than 20°C (Figure 1). During the first
week, the relative humidity increased while during the second week the value decreased.
Afterwards, it increased again until the end of the trial (Figure 1). In this study, THI
paralleled the progression of temperature. The THI increased until its maximum on days
17 and 18 and decreased afterwards until the end of the trial (Figure 1).

3.3. Clinical signs, performance and realised PA-exposure

The weekly detailed clinical examination did not show any changes in the appearance of
the mucous membranes and sclerae in any of the treatment groups. The BCS remained
inconspicuous and varied between 2.25 and 2.75 across all groups. No signs of central
nervous disorders were recognisable, and the behaviour was unremarkable throughout
the trial. The rumen contractions amounted almost exclusively to 2-3 contractions in 2
min and no abnormal faeces could be detected in the animals. The rectal temperature
ranged between 37.9°C and 38.7°C and was not affected by treatment nor time.
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Figure 1. Temperature [°C] 4, relative humidity [%] @ and temperature-humidity-index (THI) ¢ in the
barn during the trial. The area between the green dashed lines shows the “stress threshold”
(68 < THI < 72) according to Pinto et al. (2019). The values are presented as 24 hours means with
half-whiskers as standard deviation.

After termination of the experiment, the individually recorded BW were used for
calculating the realised PA-exposure (Figure 2(a), Table 2). The targeted PA exposure
was fulfilled by 95% and resulted in realised mean concentrations in blood plasma of 0.47,
0.95 and 1.91 mg PA/kg BW/d for group PAl, PA2 and PA3, respectively (Figure 2(b),
Table 2). Due to the very low PA concentrations of the concentrate feed and the molasses,
the control groups were only slightly exposed.
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Figure 2. Time course of pyrrolizidine alkaloid (PA)-exposure per kg bodyweight (BW) [a] and PA-
concentration in plasma [b] in dairy cows depending on PA-exposure groups: CONyojasses ® (<0.01 mg
PA/kg BW/d), PA1 4 (0.47 mg PA/kg BW/d), PA2 & (0.95 mg PA/kg BW/d), PA3 m (1.91 mg PA/kg BW/d).
Symbols represent LS means (n = 4) and half-whiskers as standard error, or whiskers as 95% confident
interval for Box-Cox and reverse transformed data.

p-Values: PA-exposure: Group: p < 0.001, Day: p < 0.001, Group x day: p < 0.001; PA-concentration
plasma: Group: p < 0.001, Day: p < 0.001, Group x day: p < 0.001; CON = control; d = day + Box—-Cox
and reverse transformed data.
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PA were detected in blood plasma prior to the first treatment at day 0 with an
individual concentration of up to 0.83 ng/ml. The mean concentration of PA in
plasma for group CONjpjolasses (£0.01 ng/ml) stayed constant over the whole trial.
PA concentrations could be detected in blood plasma, which were dependent on
the administered PA-extract dosage. During the trial, group PA1 showed a mean
concentration of PA in plasma of 22.6 + 3.2 ng/ml, while the mean concentration
of group PA2 (69.2 3.9 ng/ml) was about three times higher. One cow in group
PA2 demonstrated the highest concentration over the whole trial with a maximum
concentration of 292 ng/ml. This increased the mean of the PA concentration in
plasma for the whole group PA2. Leaving this aspect aside, the mean PA concen-
tration in the plasma ranged from 30.6 to 67 ng/ml for the three other individual
animals of group PA2. In group PA3, a mean concentration of 116.2 + 8.5 ng/ml
was measured. There was a high degree of individual variation between the
animals (69.8-166.2 ng/ml), but within each animal the PA concentration in
blood plasma changed only slightly during the trial. Individual PA composition
in blood plasma differs from that of the PA-extract. In blood plasma, the most
abundant individual PA were in decreasing order jacobine Noxide, jaconine, jaco-
line in group PA1, and jacobine N-oxide, jaconine N-oxide and jaconine in groups
PA2 and PA3 (data not shown), while the most abundant PA in the extract were
jaconine, jaconine N-oxide and seneciphylline N-oxide in decreasing order
(Table 4).

All groups showed a decreasing DM intake (Figure 3(a)) during the period of 3 d
before the start of the experiment until day 0. Afterwards, all groups displayed a similar
progression with an increase in the mean DM intake until day 11 and a small negative
peak on day 7. Until the end of the trial, the mean DM intake then slightly decreased. This
course resulted in a significant time effect (p <0.001). The BW (Figure 3(b)) showed a
decrease from day -3 to day 1 of the trial across all groups. The mean BW increased
afterwards until day 7 followed by a decrease until day 12 and after that returned to the
value of 1 week before the start of the experiment and stayed constant. This variation
resulted in a significant time effect (p < 0.001) but stayed unaffected by treatment. The EB
(Figure 3(c)) showed a progression similar to the DM intake in the week before the start
of the trial, with a sharp negative peak on day 0 across all groups. The EB increased again
afterwards, showing a strong rise around day 10 and then decreased in a relatively
constant way. From the beginning of the trial, the EB of the PA groups stayed slightly
under the EB of the control groups. Fluctuations during the study resulted in significant
time effects (p < 0.001) and the differences between the groups led to a tendency towards
group effects (p =0.068). The milk yield, milk fat, protein, urea and lactose content as
well as the somatic cell count (SCC) stayed unaffected by treatment, while the fat, urea
and lactose content of the milk as well as the fat-to-protein ratio indicated a significant
time dependent (pp.y < 0.001) variation during the trial (Table 5). Nevertheless, the
resulting ECM (Figure 3(d)) was not significantly affected by the treatments but showed a
sharp decrease from day -1 to day 1 of the study. Subsequently, the mean ECM increased
until day 4 and then fluctuated until the end of the trial in a slightly negative direction,
resulting in a significant time effect (p < 0.001).
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Figure 3. Time course, from one week before the start until the end of the trial, of dry matter (DM)
intake [a], bodyweight (BW) [b], energy balance (EB) [c] and energy corrected milk yield (ECM) [d] in
dairy cows depending on pyrrolizidine alkaloid (PA) exposure groups: CONwater © (<0.01 mg PA/kg
BW/d), CONpolasses ® (<0.01 mg PA/kg BW/d), PA1 A (0.47 mg PA/kg BW/d), PA2 & (0.95 mg PA/kg BW/
d), PA3 m (1.91 mg PA/kg BW/d). Symbols represent LS means (n =4) and half-whiskers as standard
error. The light blue bar shows day 0, the start of the trial.

p-Values: DM intake: Group: p = 0.414, Day: p < 0.001, Group x day: p = 0.824; BW: Group: p = 0.945,
Day: p < 0.001, Group x day: p = 0.960; EB: Group: p =0.782, Day: p < 0.001, Group x day: p = 0.948;
ECM: Group: p =0.079, Day: p < 0.001, Group x day: p = 0.922; CON = control; d = day.

Table 5. Milk yield, energy corrected milk yield (ECM), fat-, protein-, urea-, lactose content of the milk,
as well as somatic cell count (SCC).

p-Value
LS mean + SE Group Day Group X day
Milk yield [kg/d] 329+1.2 0.707 <0.001 0.943
Milk fat [%] 41402 0.851 <0.001 0.280
Milk protein [%] 33+0.1 0.536 0.294 0.963
Milk lactose [%] 48+0.1 0.805 <0.001 0.402
Fat-to-protein ratio 1.2+0.1 0.490 <0.001 0.195
Milk urea [mg/I] 202+ 14 0.533 <0.001 0.998

SCC [in 1000/ml] 150 £ 59 0.294 0.211 0.168
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3.4. Clinical-chemical traits

Total protein, albumin, bilirubin, urea, ALP, and creatinine measured in blood serum
were not significantly influenced by treatments but varied significantly over time (ppay <
0.001, except total protein: pp,, =0.005 and creatinine: pp,, = 0.023, Figure 4). The
concentration of the total protein (Figure 4(a)) showed an initial decrease across all
groups with the minimum on day 3 and increased afterwards. After day 10, total protein
concentration stayed nearly stable. Albumin concentration (Figure 4(b)) showed like
total protein a similar negative peak until day 3. The mean concentration increased until
day 14 and then slowly decreased until the end of the trial. Bilirubin values (Figure 4(c))
showed a peak at day 1 followed by a decrease in the mean concentration until day 5.
Afterwards, the mean concentration stayed stable. Urea (Figure 4(d)) varied during the
experiment. The mean concentration increased from day 0 to day 1 just to decrease again
until day 3. Thereafter, the mean value increased until day 10 followed by a slow decrease
until the end of the experiment. The mean concentration of ALP (Figure 4(e)) decreased
nearly constantly from the beginning of the trial until day 21 and increased afterwards,
depending on the treatment during the last week of the trial. The concentration of group
PA3 started to increase from day 14 on and resulted in a significant difference between
the concentrations of group PA3 and group CONyy,eer 01 day 28 (p = 0.029). The mean
concentration of creatinine (Figure 4(f)) showed a peak on day 2. Afterwards, it sharply
decreased until day 5, started to increase again until day 10 and fell back on the starting
concentration on day 14. Thereafter, the mean value increased until the trial ended.
The mean concentration of ALT (Figure 5(a)) dropped from the beginning of the trial
until day 15 with a slight increase from day 3 to day 7. After day 15, the mean
concentration increased constantly until the end of the experiment resulting in a sig-
nificant time effect over the entire trial (p < 0.001). GGT activity (Figure 5(b)) decreased
slightly in all groups at a comparable level until day 7 and remained nearly constant in
groups CONwterr CONpolassess and PA1 until the trial’s end. In contrast, GGT activity
increased in groups PA2 and PA3 until day 28, as expressed in the significant interactions
between time and treatment (p =0.011). Compared to the initial GGT activity the final
value was significantly higher on day 28 in group PA3 (p =0.003). Furthermore, the
difference between GGT activity of group CONjolasses and group PA3 on day 28 was
significant (p =0.002). The time and treatment-related activities of AST and GLDH
followed almost that of GGT. Both liver enzymes slightly decreased until day 7 of the
experiment before they started to increase only in group PA3 (Figure 5(c,d)).

4. Discussion

Contrary to the often-used plant materials, the PA-extract applied in this study was
much better suited to attain accurate PA exposure levels. The well-characterised PA-
extract together with the administration regiment allowed achieving the targeted PA
exposure levels (Table 2). Besides the PA-extract, traces of PA detected in molasses
and concentrate feed contributed to the overall PA exposure of the cows (Table 4).
Taken together, the trace contamination of both accounted, however, for only less
than 0.0002% of the groups’ PA exposure, and was thus seen as negligible concerning
the study results.
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Figure 4. Time course of total protein [a], albumin [b], bilirubin [c], urea [d], alkaline phosphatase
(ALP) [e], creatinine [f] in blood serum of dairy cows depending on pyrrolizidine alkaloid (PA) exposure
groups: CONater © (<0.01 mg PA/kg BW/d), CONpojasses ® (<0.01 mg PA/kg BW/d), PA1 4 (0.47 mg PA/
kg BW/d), PA2  (0.95 mg PA/kg BW/d), PA3 m (1.91 mg PA/kg BW/d). Symbols represent LS means (n
=4) with half-whiskers as standard error, or whiskers as 95% confident interval for Box—Cox and
reverse transformed data.

p-Values: Total protein: Group: p = 0.497, Day: p = 0.005, Group x day: p = 0.932; Albumin: Group: p
=0.226, Day: p < 0.001, Group x day: p = 0.810; Bilirubin: Group: p = 0.820, Day: p < 0.001, Group x
day: p = 0.558; Urea: Group: p = 0.903, Day: p < 0.001, Group x day: p = 0.790; ALP: Group: p = 0.787,
Day: p < 0.001, Group x day: p = 0.126; Creatinine: Group: p = 0.882, Day: p = 0.023, Group x day: p =
0.990; a: significant differences between group PA3 and CONyy,¢er On day 28; BW = body weight; CON
= control; d = day; + Box-Cox and reverse transformed data.

For the present study, a PA-extract from Jacobaea vulgaris Gaertn. was employed
in contrast to previous studies where intact, dried and/or ground plant material was
used (Dickinson et al. 1976; Torres and Coelho 2008; Hoogenboom et al. 2011;
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Figure 5. Time course of alanine aminotransferase (ALT) [a], gamma-glutamyltransferase (GGT) [b],
aspartate aminotransferase (AST) [c], glutamate dehydrogenase (GLDH) [d] in blood serum of dairy
cows depending on pyrrolizidine alkaloid (PA) exposure groups: CONyater © (<0.01 mg PA/kg BW/d),
CONpolasses ® (<0.01 mg PA/kg BW/d), PAT 4 (0.47 mg PA/kg BW/d), PA2 & (0.95 mg PA/kg BW/d), PA3
m (1.91 mg PA/kg BW/d). Symbols represent LS means (n = 4) with whiskers as 95% confident interval
for Box—Cox and reverse transformed data.

p-Values: ALT: Group: p = 0.431, Day: p < 0.001, Group x day: p = 0.970; GGT: Group: p = 0.072, Day: p
< 0.001, Group x day: p =0.011; AST: Group: p = 0.415, Day: p < 0.001, Group x day: p < 0.001; GLDH:
Group: p =0.857, Day: p < 0.001, Group x day: p = 0.033; a: significant differences between group PA3
and CONporasses ON day 28; *: significant differences between day 0 and 28 in group PA3; BW = body
weight; CON = control; d = day.

Shimshoni et al. 2015; de Nijs et al. 2017). Individually detected PA of the PA-extract
summed up to a total PA concentration of 4184 mg PA/kg, here (Table 4).

It is important to know the specific composition of the PA-extract, as the individual
alkaloids might have different toxicities (Macel et al. 2004; Berendonk et al. 2010; Rutz et
al. 2020; Taenzer et al. 2022). Different ragwort species are characterised by varying PA
patterns (Witte et al. 1992) and additionally, the season as well as the part of the plant, e.g.
stem, leaf or blossom further modify the level and pattern of PA (Bosshard et al. 2003;
Berendonk et al. 2010). Because of this variation in pattern and toxicity of PA, similar
total PA exposure levels might have different toxic outcomes. Furthermore, it needs to be
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stressed that the extraction procedure applied to the plant material used for the present
study might also have resulted in PA patterns different from genuine PA compositions.

Besides the PA, the used PA-extract consisted of approximately up to one-third of
carbohydrates nearly exclusively composed of individual low molecular weight sugars
(Table 3) which could give rise to a ruminal dysbiosis associated with a ruminal acidosis
(Sharp et al. 1982). Some signs of acute rumen acidosis are, among others, a decreased
milk yield and in the worst case it could even mean death (Snyder and Credille 2017).
Therefore, the co-occurrence of PA and large amounts of sugars in the PA-extract would
result not only in increasing PA exposures but also in growing ruminal sugar load when
PA dosage is increased. To avoid or minimise such effects, similar volumes of a mixture
of PA-extract and molasses were administered to all dosing groups (Table 2).
Furthermore, two control groups were implemented, a water control group
(CONwater) and a molasses control group (CONyyoasses) to identify possible pure sugar
effects without the influence of PA. However, no significant differences were found
between the two control groups during the trial in any of the recorded parameters.
Therefore, it can be excluded for the parameters described here that the administration of
a high daily ruminal load of sugars had an extra influence on the results observed in the
PA dosing groups.

Furthermore, residues of methanol were detected in the PA-extract. Due to toxic
metabolites of methanol, its intake should be critically evaluated. In 2009, the Deutsche
Landwirtschafts-Gesellschaft (DLG) requested a maximum limit of 0.2% methanol in
crude glycerol for feeding purposes derived from biodiesel production. It is recom-
mended not to add more than 5% of crude glycerine to the feed (DLG, 2009). Based
on the methanol concentration of 2.8 g/kg measured in the PA-extract employed in the
present trial (Table 3) the additional methanol exposure was 0.32, 0.64 and 1.27 mg/kg
BW/d for group PA1, PA2 and PA3, respectively. These exposure levels are lower than
the accepted daily methanol intake associated with the recommended maximum glycerol
usage in feeding. Therefore, the additional methanol exposure through the PA extract in
this trial should not have contributed to or interfered with the results.

The first symptoms of PA poisoning are loss of appetite, standing apart from other
animals, depression, characterised by lack of interest, aversion to move or wandering as
well as diarrhoea and ascites (Bull et al. 1968; Johnson 1978; Craig et al. 1991). Previous
studies have shown that cows respond very individually to PA exposure (Johnson 1978;
Craig et al. 1991). In the present study, no signs of loss of appetite were observed as DM
intake did not differ between the groups (Figure 3(a)). Fluctuations in DM intake in the
course of the experiment occurred for all treatment groups in a similar manner and
caused similarly directed variation in BW and EB (Figure 3(b,c)). The slight drop in DM
intake in the third week of the trial coincided with an increase in THI (Figure 1) but was
not influenced by the treatment. Clinical examinations showed throughout the trial no
signs of central nervous disorders due to an increase in PA exposure. The rumen
contractions stayed in normal ranges with approximately three contractions within 120
s. Furthermore, faeces appeared inconspicuous, suggesting that rumination and digestion
were not adversely affected by PA exposure. Taenzer et al. (2022) had shown that the
ruminal metabolism acts as PA detoxification with the metabolisation towards the non-
toxic unsaturated form. Therefore, there might be no PA induced effects concerning the
clinical traits under the given conditions.
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Nevertheless, Dickinson et al. (1976) showed that a very high exposure of 16 mg PA/kg
BW/d (supplied as dried and chopped plant material via rumen cannula) led to a
uniformly decreased BW and milk yield in dairy cows. Mulder et al. (2020) did, however,
not observe any decrease in feed intake nor milk yield after an administration of 200 g
plant material of three weeds (weed 1: mixture of J. vulgaris and S. inaequidens; weed 2: S.
vulgaris; weed 3: Echium vulgare) per day with PA concentrations up to 3767 mg/kg
(~1.1 £0.1 mg PA/kg BW/d) in the plant material mixture of J. vulgaris and S. inaequi-
dens. In the present study, no decrease in BW nor milk yield was visible with increasing
PA exposure. The initial drop in DM intake and the related parameters BW, ECM and EB
were probably caused by the stress through the high frequency of blood sampling during
the first day of the experiment (Figure 3). These results concerning BW and milk yield are
comparable to studies of Craig et al. (1991) with similar PA doses (1.3 mg PA/kg BW/d,
provided by whole plant material) administered over a period of 2 months that did not
affect the body weight. Furthermore, Hoogenboom et al. (2011) did not observe any
changes concerning milk yield nor regarding the milk components protein, fat or lactose
content, which was also confirmed by the present study (Table 5).

Looking at the PA concentrations in the blood of the individual animals as indicators
of the inner PA exposure, one cow of group PA2 was identified with PA concentrations
(243.5 £ 56.1 ng/ml) even higher than those of the animals in group PA3. That individual
cow in group PA2 impressed consistently with higher blood PA levels compared to her
counterparts. This could hint at an individual sensitivity to PA due to a genetic compo-
nent for PA kinetics and/or a prior history of liver or other diseases. Interestingly, the
described cow demonstrated not only higher PA levels in blood but also a more
pronounced increase in GGT, GLDH and AST compared to her counterparts which
could suggest an altered hepatic PA metabolism which may be due to hepatocellular
lesions. Rats receiving 0.3 mg riddelliine/kg BW/d over 105 weeks developed hepatocyte
cytomegaly as a non-carcinogenic effect (Chan et al. 2003). Taking into consideration the
elevated liver enzyme activities observed in the present study, histopathological changes
cannot be excluded.

Besides this individual story, the highest PA exposure generally led to a significant
time-dependent increase in serum enzymes indicative of liver damage (GGT, GLDH
and AST) with a similar trend for ALP (Kauppinen 1984; Meyer and Harvey 1998;
Stojevi¢ et al. 2005). The exponential increase in liver lesion indicating enzyme
activities in peripheral blood including GGT in group PA3, and also in group PA2
from week 3 to 4 of the experiment might suggest the onset of chronic toxicity which
would have been more visible in an exposure time exceeding the 4-week period
investigated in the present study. These increases in liver enzymes in the present
study are supported by the results of Johnson (1978) where the enzymes AST and
GGT increased after about 14 d due to an administration of 21.5 g tansy ragwort/kg
BW/d. A case study by Shimshoni et al. (2015) described significant increases in the
concentrations of GGT, AST, creatinine and ALP and a lethality of 30% in cattle (15-
18-months-old) within 26 weeks corresponding to an average total PA (Heliotropium
europaeum) exposure of 33 mg/kg BW/d. In contrast, in the study of Molyneux et al.
(1991) an exposure of 4.5 mg riddelliine/kg BW/d over a period of 20 d did not affect
the serum enzymes GGT and AST; this is consistent with our observations where a
significant difference occurred only at day 28 and supports the progressive character



ARCHIVES OF ANIMAL NUTRITION e 381

of a PA poisoning. Besides the significant changes in GGT, GLDH and AST on day 28
(Figure 5(b-d)) of the present study, there was a visible increase in ALP activity in
blood in the highest exposed group (PA3) and on the same day, even significant
differences compared to the group CONyy, (Figure 4(e)) were reached. Based on
other studies (Craig et al. 1991; Shimshoni et al. 2015) a progressive increase in ALP
in a prolonged exposure scenario might have been expected and is supported by the
fact that nearly all animals of group PA2 and PA3 indeed showed a numerical ALP
increase on day 28.

While GGT, GLDH and AST were proven to respond sensitively to the PA exposure
scenario, the other clinical-chemical traits (total protein, albumin, bilirubin, urea, creati-
nine (Figure 4) and ALT (Figure 5(a)) stayed inconspicuous. Among these non-sensitive
parameters, particularly albumin is of interest. Albumin is produced exclusively by the liver
(Kraft and Diirr 2013). A compromised liver function could lead to lowered albumin
concentrations in the blood due to a decrease in hepatic albumin synthesis. At a high PA
exposure of 16 mg/kg BW/d, the concentration of albumin in blood plasma decreased
which was traced back to a reduced liver activity and a resulting reduced albumin synthesis
(Dickinson et al. 1976). The albumin concentrations were not affected in the present
experiment. However, this can be attributed to the markedly lower PA exposure.

5. Conclusions

The current results are only valid for the applied study conditions including the used PA
pattern which might have been influenced by the extraction procedure and the dosage
regimen. It was shown that blood levels of GGT, AST and GLDH were the most sensitive
toxicological endpoints in dairy cows of the current study with a short-term PA exposure
scenario which included the administration of a PA-extract once daily for a period of 28 d. PA
hepatoxicity in cows develops in a time-dependent manner. The levels of these enzymes
increased significantly until the end of the exposure period when provided a dose of 1.91 mg
PA/kg BW/d, which might hint at the beginning of liver damages. Therefore, we cannot
exclude that this possible onset in chronic liver toxicity even occurs at lower PA doses in
different long-term scenarios. Thus, we have to recommend that the prevention of contam-
ination of preserved feed for cows by PA containing plants is the only possibility to protect
cows from PA toxicity. Based on the limitations of the present experiment, future studies
should take into consideration a prolonged PA exposure, different dosing regimens (e.g.
more than once daily) and the PA pattern. The questions of reversibility of liver lesions after
cessation of PA exposure also justify future examinations. Regarding the effects of specific PA
or particular PA patterns, testing similar PA exposure levels but consisting of distinctly
different PA composition would be of particular interest. Finally, the question arose whether
the PA had dose-dependent effects only on the liver itself or also on other organs.
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