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ABSTRACT: Lupin varieties with a low content of quinolizidine alkaloids (QAs) like blue sweet lupin (BSL) have long been used
as a protein source for dairy cows. A health concern for humans may arise from the transfer of acute toxic QAs from feed into cow’s
milk. This study is the first to quantify the transfer of QAs from BSL into cow’s milk with experimental and modeling methods. Four
lactating dairy cows were subjected to two 7 day feeding periods with 1 and 2 kg/d BSL, respectively, each followed by a depuration
period. BSL contained 1774 mg/kg dry matter total QAs. Individual milk samples were taken twice daily and QA contents in feed
and milk determined with liquid chromatography—tandem mass spectrometry. Transfer of QAs into the milk was already seen with
the administration of 1 kg/d BSL, with differences in transfer rates (TRs) between individual QAs. A toxicokinetic model was
derived to quantify and predict QA feed-to-food transfer. For the four most prominent QAs, our model shows an a-half-life of
around 0.27 d. TRs were obtained for six QAs and were between 0.13 (sparteine) and 3.74% (multiflorine). A toxicological
assessment of milk containing QAs as measured in this study indicated a potential health concern.
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B INTRODUCTION The QAs exert their toxicity by inhibiting acetylcholine
receptors and voltage-dependent ion channels in the central
nervous system, on motor endplates and the peripheral
autonomic nervous system, where the individual QAs appear
to have different levels of toxicity." Common acute toxic
exposure symptoms in humans and mammals include
respiratory depression, vomiting, and tachycardia.'”'" Some
QAs, such as anagyrine, also show teratogenic properties and

Lupins have a long tradition as a protein source in animal
nutrition because of their high crude protein (CP) content (up
to 40% in dry matter, DM), and they are further gaining
importance in Europe, especially in organic animal husbandry.
While several secondary plant metabolites in lupins have been
shown to have beneficial effects (e.g., antidiabetic or

antioxidant activity),' some alkaloids are known to have have been associated with con%enital skeletal malformations
detrimental effects on human and animal health. The latter is (crooked calf disease) in calves.'” Thus, to minimize the risk of
the case for quinolizidine alkaloids (QAs), which constitute the QA intoxication in livestock animals, only sweet lupins are
main secondary plant metabolites occurring in lupins, offering listed as feed for livestock species in the catalogue of feed
protection against insects and herbivores.” To date, more than materials.?

300 lupine species are known, with varying QA contents. However, mutations, cross-breeding, or recombination can
Depending on their alkaloid content, lupins are commonly result in descendants with higher QA contents despite their
classified into bitter lupins (with a total QA content of up to original classification as sweet lupins.' ™'

8% in DM) and sweet lupins with a low alkaloid content.’ This Most of the toxicological data originate from research on
low alkaloid content should not exceed 0.05% in DM (500 lupanine and sparteine, the latter compound was used as a

mg/kg DM) in agricultural practice, while levels <0.02% in pharmaceutical in the past.'” The European Food Safety
DM (<200 mg/kg DM) are recommended by health Authority (EFSA) stated that “anticholinergic effects and
authorities for lupin seeds used for food production.*”” changes in cardiac electric conductivity” are the relevant
The synthesis of QAs occurs mainly in the leaves, but they endpoints for risk assessment. A dose of 0.16 mg sparteine/kg
are distributed via the phloem into other parts of the plant bOdY‘f"eight (bw) was identified as the ‘lowest Singlfe oral
including the seeds, causing a bitter taste as a protection effective dose’ in humans for such acute effects, while no
against herbivores.” More than 170 QAs have been identified ,
among lupin species, with lupanine, 13a-hydroxylupanine, and Received: April 12, 2022 Ahcomy
sparteine being the most abundant ones.” Depending on their Revised:  August 2, 2022
chemical structure, QAs can be chemically divided into, for Accepted: August 16, 2022
example, sparteine and its derivatives, lupanine and its Published: September 6, 2022
derivatives, angustifoline and its derivatives, multiflorine and
its derivatives, lupinine, and anagyrine(Figure 1).
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Figure 1. Chemical structures of selected QAs.

reference point could be identified for risks potentially
resulting from chronic exposure. Due to similar modes of
action of QAs, the EFSA assumed dose additivity for all
derivatives. Furthermore, due to the limited overall data basis
and the associated uncertainties, no health-based guidance
value could be derived. Therefore, the EFSA applied the
margin of exposure (MoE) approach for a preliminary risk
characterization using the dose of 0.16 mg sparteine/kg bw as
an appropriate reference point. The authority concluded that
an MoE >1 would not indicate a health concern. However, the
assessment revealed the possibility of exposures for some
consumer groups, resulting in MoE values <1, indicating a
potential risk for these consumers. Additionally, the EFSA
stated that there is indirect evidence of a possible transfer of
QAs from feed into milk, due to the QAs’ weak basic nature,
which makes milk a possible additional exposure source.'’
However, until now, there has only been one published case
report of possible QA intoxication in a human infant after its
mother drank goat milk in early pregnancy.'® Lambs from the
same goats showed skeletal deformations as described for
crooked calf disease, indicating QA intoxication.'” In the
present study, we tested the hypothesis that QAs from lupin in
the diet of dairy cows are transferred into cow’s milk. We
determined the profiles of six QAs in milk and quantified the
TRs of the four most prominent QAs from lupin seeds into the
milk of four lactating dairy cows fed with increasing amounts
of QA-containing sweet lupin seeds. We conducted a
toxicological assessment in order to evaluate the potential
risk resulting from the sole exposure to QAs via milk
containing QA levels as measured in the present study.

B MATERIALS AND METHODS

Ethics Approval Statement. All experimental procedures
involving animals were approved by the local authority (Regional
Office for Health and Social Affairs, Berlin—LAGESO, Germany)
under registration number StN010/19.

Animals, Housing, and Sampling. Four Holstein-Friesian dairy
cows (3 primiparous, 1 multiparous, 58 + 11 days in milk) with an
average milk yield of 30.4 + 4.12 kg/day were housed in one group in
an open barn stable with free access to water. During the experiment,
which lasted 46 days in total, cows were milked twice daily at 6.00
am. and 4.30 p.m. in a tandem milking parlor (Lemmer Fullwood).
Milk samples were taken during each milking and stored at —20 °C
until being analyzed for QA contents.

Lupin Seeds and Diets. Lupin seeds (whole grain, untoasted,
Lupinus angustifolius var. Boregine [blue sweet lupine, BSL]) harvested
in Brandenburg, Germany, approximately 52°6’ N 12°7" E, in August
2019 were milled in a common hammer mill (Siemens) to pass a
screen of 3 mm, divided into four subsamples of 25 kg each and
stored in a container under dry, cool, and dark conditions prior to use.
Forages, beet pulp, and minerals were offered as a partial mixed ration
(27.7% grass silage, 29.5% maize silage, 6.0% straw, 30.1% hay, 6.0%
beet pulp, and 0.61% minerals) ad libitum in feeding troughs. A
concentrate mixture was provided in separate feeding troughs,
transponder-controlled one for each cow, to meet the energy
requirements for a milk yield of 25 kg/d energy-corrected milk
(Table 1).

Table 1. Composition of Experimental Diets

experimental diets”

BSL-free BSL-1 BSL-2

ingredients (g/kg DM)

concentrate mixture 569.6 569.6 569.6
rapeseed meal 430.4 289.6 140.8
BSL 0 140.8 289.6
chemical composition (g/kg DM)

(@ 288 275 262
crude ash 69.6 63.7 574
NDF” 274 271 267

“Blue sweet lupin seeds (BSL), BSL-free, blue sweet lupin-free
feeding; BSL-1, blue sweet lupin seeds 1 kg; BSL-2, blue sweet lupin
seeds 2 kg. ®Neutral Detergent Fiber (NDF).

The feeding trial, carried out in July to September 2020, started
with a 7-day adaptation period without lupin seed meal [BSL-free
(AP)]. Afterward, 1 kg of rapeseed meal was replaced by 1 kg of BSL
for 7 days (BSL-1). Therefore, a corresponding mixture of rapeseed
meal, BSL, and dairy concentrate was prepared and offered in two
equal portions daily at 7 a.m. after the morning milking and 2 p.m.
before the evening milking to ensure total uptake. The period was
followed by a 10-day depuration period [BSL-free (DP1)], without
BSL in the diet. Afterward, 2 kg of rapeseed meal was replaced by 2 kg
of BSL (BSL-2). Therefore, again a corresponding mixture of
rapeseed meal and BSL was prepared and fed twice daily for 7
days, which was followed again by a 10-day depuration period [BSL-
free (DP2)].

Analysis of Feed Ingredients. Feed components were analyzed
for DM, crude ash, CP, and neutral detergent fiber (NDF) according
to VDLUFA (Association of German Agricultural Analytic and
Research Institutes) standard methods.'*™2°

Analysis of Milk Ingredients. Milk yield was recorded daily.
Milk samples were taken twice daily during each milking and stored at
—20 °C for analysis of QAs. In regular intervals, milk samples were
taken for proximate analysis of milk protein, fat, and lactose according
to § 64 L01.00-78 of the German Food and Feed Code (LFGB), and
milk urea according to directive 1.13 of the German Association for
Performance and Quality Testing e.V. (DLQ).*"*
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Solvents and Chemicals. All organic solvents used in this work
were of at least analytical grade. Solvents used for liquid
chromatography—tandem mass spectrometry (LC—MS/MS) analysis
were of LC—MS grade.

Analytical Standards. For identification and quantification, the
following analytical standards were used: (+)-13a-hydroxylupanine
(purity 97%, TRC), (+)-lupanine perchlorate (purity 97%, TRC),
(+)-a-iso-lupanine perchlorate (purity 97%, TRC), (—)-angustifoline
(purity 97%, CfmOT), (—)-lupinine (purity 96%, Sigma-Aldrich),
multiflorine (purity 99%, CfmOT), and (—)-sparteine-sulfate-5 H,0
(purity, 98%; Targetmol), respectively.

QAs in BSL and Milk. For determination of the QAs in ground
BSL, representative samples of about 100 g each were collected
(samples from four storage containers of 25 kg). Subsequently, the
samples were ground with an Ultra Centrifugal Mill passing a sieve of
1 mm. QA analyses were performed at the National Reference
Laboratory (NRL) for Feed Additives at the German Federal Institute
for Risk Assessment (BfR). Samples were analyzed for nine QAs
(anagyrine, cytisine, angustifoline, 13a-hydroxylupanine, isolupanine,
lupanine, lupinine, multiflorine, and sparteine), which were also used
to calculate the sum of the QAs. Analysis and quantification of all
samples was done using high-performance liquid-chromatography—
tandem mass spectrometry with electrospray ionization in positive ion
mode (LC-ESI-MS/MS; API 6500 Sciex). Each measurement was
performed in duplicate.

Two in-house validated sample preparation methods were utilized,
one for solid (feed) and the other for liquid matrices (milk). Briefly,
BSL or milk samples were mixed and the QAs were extracted with an
acidified acetonitrile/water solution. For this purpose, 5 g of BSL was
extracted with S mL of extraction solution (0.1% formic acid,
acetonitrile/water, 50:50, v/v) or 2 mL of milk was extracted with 25
mL of extraction solution (0.1% formic acid, acetonitrile/water, 90:10,
v/v). After 15 min extraction time in an overhead-shaker, the samples
were frozen (—80 °C) to precipitate proteins. After thawing, samples
were centrifuged (4000 X g) for S min to separate precipitated
proteins from the solution.

For milk samples, additionally a degreasing step of the supernatant
was included by using n-hexane. The n-hexane layer was discarded.

The sample extracts must be diluted with ultrapure water and
injection solution. The dilution factor depends on the concentration
of the analytes in the respective sample and must be within the
concentration range of the standard curve used. The concentration
ranges of the standard curves are between 0.5 mg/kg and 5.5 mg/kg
for BSL and between 34 and 370 ug/kg for milk samples. After
centrifugation (4000 X g for S min), the final supernatant was
decanted into a 2 mL crimp vial for injection into the LC-ESI-/MS—
MS. Measurement results were evaluated with the software Analyst
1.6.

For identification (examples of chromatograms are given in Figures
S1—SS in the Supporting Information pages S1—S4), a retention time
window of +0.1 min around the expected retention time of the
corresponding QA was set. Furthermore, the QAs were identified by
using two multiple reaction monitoring (MRM) transitions (at least 1
precursor and 2 product ions detected) and calculating the relative
ion ratio between both MRM transitions according to regulation
(EU) 2021/808.>* Quantification was performed by preparing a
matrix-matched external calibration curve using the analytical
standards mentioned before. Briefly, the obtained validation
parameters of both methods (milk and BSL) are summarized here
for the assessment of the transfer study.

For the analysis of QA in BSL, the recovery was determined by
analyzing soybean meal fortified at two different QA concentrations 5
mg/kg and SO mg/kg (n = 6), respectively. The recoveries for all
determined QAs ranged between 80 and 110%. The coefficient of
variation (CV) as measure for the repeatability of the applied methods
was below 10%. The inter-laboratory reproducibility determined by
analyzing samples on different days, by different operators, and with
different LC—MS/MS instruments was below 10%.

For the BSL, the limit of detection (LOD) ranged between 0.01
mg/kg (lupanine) and 0.36 mg/kg (multiflorine), and the limit of

quantitation (LOQ) ranged between 0.03 mg/kg (lupanine) and 1.19
mg/kg (multiflorine).

For the analysis of milk, the recovery was determined by analyzing
milk samples fortified at two different QA concentrations 6 and 60
ug/kg (n = 6), respectively. The mean recovery for the determined
QAs ranged between 85 and 105%. The CV as measure for the
repeatability is below 10%. The inter-laboratory reproducibility
determined by analyzing samples on different days, by different
operators, and with different LC—MS/MS instruments was below 8%.
For milk, the LOD ranged between 0.02 ug/kg (13a-hydroxylupa-
nine) and 0.41 pg/kg (multiflorine), and the LOQ_ranged between
0.06 pg/kg (13a-hydroxylupanine) and 1.36 ug/kg (multiflorine).

Statistical Analysis. Statistical analyses were carried out using the
MIXED procedure of SAS (version 9.4, 2016, SAS Institute Inc., Cary,
NC, USA). Days and periods were included as fixed effects in the
model for milk yield, fat, protein, urea, and lactose concentration.
Measurements taken on the same cow but at different times were
considered as repeated measures. Multiple comparisons among
periods were evaluated by Tukey’s post hoc test. A p-value of <0.05
was considered as indicative for significant difference between periods.

Toxicokinetic Modeling of QA Transfer into the Milk. To
derive transfer parameters relevant for risk assessment and to allow
the prediction of the transfer of QAs from feed into cow’s milk, a
mathematical model was developed based on the data, specifically a 3-
compartment physiologically based toxicokinetic (PBTK) model
(Figure 2 and egs 1 and 2). The model was fitted for the four most
prevalent QAs, for which enough data were available: lupanine, 13-
hydroxylupanine, isolupanine, and angustifoline.

Feed

Peripheral
compartment

Central

Eliminated compartment

Figure 2. Schema of the 3-compartment model of QA toxicokinetics
in dairy cows. The central compartment represents the entry point for
QAs into the cow and the output site for elimination (grouping
unabsorbed as well as putatively metabolized and/or excreted QAs).
The peripheral compartment acts as a small storage. The udder
compartment is where the milk is produced, stored, and periodically
emptied at milking events (together with the QAs contained). The
parameter k,j represents the transition rate from compartment i to
compartment j for the compartments: ij = C, Central; P, Peripheral;
U, Udder; and E, Elimination.

The PBTK model in Figure 2 was compared to other similar
models (with different arrangements of compartments) using the
Bayesian information criterion (BIC), where the chosen model
performed best (data not shown). The chosen model consists of 3
compartments. The first one is the central compartment, the entry
point for QAs with feed into the cow, as well as the place where QAs
are eliminated. These elimination groups together unabsorbed as well
as putatively metabolized and/or excreted QAs. The central
compartment represents both blood plasma and a biological
component (e.g., groups of cells, proteins, or lipids) that is in rapid
equilibrium with plasma regarding QAs. The second compartment is
the peripheral compartment, which acts as a small storage for QAs; it
is a biological component that more slowly exchanges QAs with the
central compartment. The third and last is the udder compartment,

https://doi.org/10.1021/acs jafc.2c02517
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Table 2. Milk Yield and Milk Composition of the Cows”
experimental periods”
BSL-free (AP1) BSL-1 BSL-free (DP1) BSL-2 BSL-free (DP2) SEM p-value period
milk yield (kg) 31.6° 31.457 30.39%¢ 29.9%¢ 29.1° 1.04 0.002
fat (%) 3.859¢ 4.13¢ 3.919¢ 3.50¢ 37799 0.23 0.039
protein (%) 3.01 2.90 2.85 2.86 2.96 0.07 0.144
lactose (%) 4.83 4.84 4.84 4.81 4.66 0.08 0.136
urea (mg/L) 668 626 632 675 520 62.1 0.128

9SEM, standard error of the mean. "BSL-free (AP1), Adaptation period, blue sweet lupin-free feeding; BSL-1, experimental period 1, blue sweet
lupin seeds 1 kg; BSL-free (DP1), depuration period 1, blue sweet lupin-free feeding; BSL-2, experimental period 2, blue sweet lupin seeds 2 kg;
BSL-free (DP2), depuration period 2, blue sweet lupin-free feeding. “Means in the same row with different letters differ significantly. “Means in the
same row with different letters differ significantly. “Means in the same row with different letters differ significantly.

which can also exchange QAs with the central compartment, while
producing and storing milk and, critically, excreting QAs with that
milk at periodic milking events. Since only milk data were available,
the exact biological nature of all the components of each
compartment could not be established, which does not undermine
the predictive ability of the model. The PBTK model (Figure 2) is
described by the following differential equations between milking
events

A(t) = MA(t) + 1(t) (1)

where A(t)=(Ac(t), Au(t), Ap(t))T is the amount vector containing
the amount of the respective compartment at time ¢; I(t) is the input
vector at time t; and M is the transition matrix given by

= (kep + key + kee) kue  kne
M= key —kyc 0

kcp 0 — kpe (2)

here the model parameter k; represents the transition rate from
compartment i to compartment j for the following compartments: i,j =
C, Central; ijj = P, Peripheral; i,j = U Udder; and i,j = E, Eliminated
(conceptually lumping any metabolization and excretion). Here, the
complete emptying of the udder compartment occurs twice daily
during the periodic morning and evening milking events.

A peripheral compartment was included based on the shape of the
data from the depuration period (Figure S6, Days 14—17 and 31—
34), where a biphasic behavior (two half-lives) was apparent. A very
dominant short a-half-life, reflecting elimination of QAs from the
central compartment, and a second less prevalent longer f-half-life,
reflecting elimination of QAs from the peripheral compartment, were
identified. The model mechanics assume complete and uniform
absorption of QAs into the central compartment distributed
uniformly across S h after feeding; this does not imply that the
effective physiological absorption is 100%; the effective absorption
from feed and bioavailability for milk excretion is included via the
interplay of rate constant kj. The last piece of the model is the
implementation of the periodic emptying of the udder at each milking
time, which is performed algorithmically as detailed in the Supporting
Information Section Complete Toxicokinetic Model.

An optimization approach was used to obtain model parameter k;
by minimizing the log squared error for the best fit.** In addition, the
tails of the depuration (10 days after start of feeding for each feeding
period) was weighted with only 25% in order not to overvalue the
more irrelevant f-phase of elimination. Data below LOQ or LOD
were also considered for the fit by interpreting them as an interval in
which the true values lie, so that the error function does not penalize
values within that interval. A permutation test was applied to check
the hypothesis of a dose-dependent transfer into the milk.*®
Confidence intervals were derived using the delete-two jackknife
method.*® In addition, the optimized model for each QA was used to
estimate transfer parameters: the a- and f-half-lives of the respective

elimination phases as well as the steady-state TR from feed to milk,
defined as

11752

TR = amount in milk[ng/d] 100%

amount in feed[ng/d] (3)

Lastly, the relative transition amount (RTA) was determined for
each QA. RTA is helpful to understand at what point there is a
transition from the a- to the f-elimination phase. Specifically, RTA
tells us at what amount in milk (as a percentage of steady state or
maximum) the slope of the depuration is better approximated by the
P-half-life rather than the a-half-life. A more detailed description of
the derivation of transfer parameters can be found in the Supporting
Information Sections 2.1-2.3.

Assessment of Consumer Exposure to QAs Using the EFSA
RACE Tool. The EFSA Rapid Assessment of Contaminant Exposure
(RACE) software tool was used to estimate the exposure to QAs
resultin7g from milk consumption, considering the determined QA
levels.”” With the help of food consumption information from the
EFSA Comprehensive European Food Consumption Database, RACE
provides an estimate of acute and chronic exposure from single foods.
These values can then be compared with relevant toxicological
reference points. For the assessment, maximum QA levels in milk
during the exposure phases were used. As in the EFSA opinion on
QAs, risk characterization was performed by applying the MoE
approach using the dose of 0.16 mg sparteine/kg bw as reference
point.

B RESULTS AND DISCUSSION

Feed Intake and Milk Yield. Throughout the experiment,
the whole concentrate proportion was ingested, indicating no
obvious adverse effect of BSL on concentrate intake. The
forage mixture was provided ad libitum, and individual intake
was not recorded. Milk yield slightly declined over the course
of the experiment from 31.6 + 4.7 kg/d to 29.1 + 4.5 kg/d (p
< 0.001) (Table 2).

The period had a significant effect on the fat content in milk
(p = 0.039), with highest contents found in BSL-1 with 4.13%
and lowest contents in BSL-2 with 3.5%. Contents of protein,
lactose, and urea in milk did not differ between periods (p >
0.05). The lactation stage of the individual cows and external
influences, such as the outside temperature, which exceeded 25
°C throughout the present experiment, can have an impact on
the performance parameters like milk production.”® Addition-
ally, other authors previously reported decreases in milk yield
due to the feeding of lupin seeds in comparison to feeding
rapeseed meal- or soybean meal-based concentrates, which
might be related to the lower CP content in lupin seeds (Table
1).”7*! In addition to a generally lower CP content in lupin
seeds, the CP of unprocessed lupin seeds is known to be
extensively degraded in the rumen, causing a reduction in
amino acid flux to the duodenum.’®** Joch suggested that
decreases in milk yield may be due to the lower methionine
content of lupin protein, although the addition of ruminally
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protected methionine did not increase the milk yield in that
study.”!

Milk fat represents the most variable component in milk and
can be influenced by nutritional as well as physiological
aspects.”® Froidmont showed increased levels of milk fat after
protein replacement of soybean meal with lupin and attributed
increased milk fat to the higher fiber content in lupin seeds,
with a concomitant increase in acetate liberation in the rumen
as a precursor for milk fat.>* This was not observed in the
present study and may depend on other dietary effects and
lactation stage of the cows. A reduced milk fat content due to
the feeding of lupin seeds has also been observed by
others.*>*¢

QAs in BSL and Transfer into the Milk. The sum of
determined QAs in the present BSL ranged between 0.17 and
0.19% in DM and was higher than the commonly reported
<0.05% for “sweet” lupins." Higher levels of QAs in L.
angustifolius have been reported before and are most likely due
to abiotic influences, cross mutation, and backcrossing with
wild varieties. Higher outdoor temperatures or lower soil pH
values during the growing season can also lead to higher levels
of QAs in sweet lupins.’”**

The literature reports the main alkaloids for L. angustifolius:
lupanine, 13a-hydroxylupanine, isolupanine, angustifoline, 13-
angeloyloxylupanine, and 13-tigloyloxylupanine.””*’ We found
a slightly different set in the present study, where levels of 13a-
hydroxylupanine, lupanine, angustifoline, and isolupanine in
BSL were higher than levels of multiflorine and sparteine,
resulting in high intakes of 13a-hydroxylupanine and lupanine
(Table 3). The intake of total QAs was 1774 mg/d during the
BSL-1 feeding period and 3549 mg/d during the BSL-2 feeding
period (Table 3).

Table 3. Intake of QAs with BSL in mg/d

experimental diets”

QA intake with BSL (mg/d) BSL-1 kg BSL-2 kg
total” 1774 3549
angustifoline 223 446
13a-hydroxylupanine 702 1404
isolupanine 129 257
lupanine 715 1430
multiflorine 2.45 4.89
sparteine 3.03 6.06

“QAs as analyzed in BSL. Blue sweet lupine (BSL), BSL-1, blue
sweet lupin seeds 1 kg/d; BSL-2, blue sweet lupin seeds 2 kg/d.

Toxicity of QAs has been more thoroughly studied for
sparteine and lupanine in humans and rats, while effects of
other QAs have not yet been systematically investi-
gated.'”">*"** In rat studies, a lower toxicity was observed
for lupanine and 13a-hydroxylupanine than for sparteine.””*’
Until now, there are only few studies evaluating the toxicity of
QAs in cattle. For instance, cattle showed reduced voluntary
feed intake when intact lupin seeds were fed in contrast to
lupin seeds that were previously detoxified by boiling and
soaking in water.”* However, QA intake with Lupinus albus
used in that study was considerably higher than that in the
present one, reaching estimated levels of 60 g/d of lupanine
and 21 g/d 13a-hydroxylupanine with L. albus. Increased levels
of QAs therefore appear to result in decreased appetite,
confirming observations made by others.’”*® No negative
effects on animal health were seen in the present study with

intakes of 1.27—2.54 mg lupanine/kg bw and 1.24—2.49 mg
13a-hydroxylupanine/kg bw. However, other studies with
cattle observed symptoms like reduced general condition,
frothing at the mouth, and protrusion of the nictating
membrane with higher total QA intake levels of 57.6 g QAs/
kg bw.*® Severe toxic effects of QA in cattle have been
described only for the teratogenic QA anagyrine.*”~*’ During
critical times of gestation, the ingestion of several lupin species
by pregnant cattle has been associated with the so-called
crooked calf syndrome.'>*>*" Anagyrine has been identified as
a main causative QA, but anagyrine was not detected in BSL
used in the present study.”>" So far, possible intoxication of
calves by anagyrine or other QA in milk has not been reported,
but according to the present results, this has to be taken into
consideration.

There are currently no maximum levels of QAs for animal or
human nutrition in the EU. Nevertheless, gathering knowledge
concerning the transfer of QAs from feed to animal food is
vital. Although animals showed no adverse health effects in the
present study, it was demonstrated that with the administration
of only 1 kg sweet lupin seeds, a transfer of QAs into the milk
occurs, resulting in a total QA concentration of 2.81 mg/kg
milk. Although the quantities of QAs excreted via milk differed
slightly between the cows, the QA excretion pattern was similar
(Figure 3).
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Figure 3. Total QAs excreted with milk daily. Shaded are the feeding
periods BSL—1 (blue sweet lupin seeds 1 kg/d) and BSL—2 (blue
sweet lupin seeds 2 kg). Unshaded are periods with no QA feeding:
the adaptation periods before BSL-1 as well as the depuration periods
following BSL-1 and BSL-2.

The concentrations of individual QAs quantified in morning
and evening milk during steady state are shown in Figure 4.

As in BSL, 13a-hydroxylupanine and lupanine were found to
be the most abundant QA in milk. Despite of average contents
in BSL of 3.03 mg/kg, concentrations in milk of sparteine were
near or below the LOQ of <0.10 pg/kg milk.

Concentrations of multiflorine, angustifoline, and especially
lupanine were noticeably higher in the evening milk than in the
morning milk (Figure 4). This effect was also reflected in the
higher TRs of multiforine, angustifoline, and lupanine for
evening milk (Table 4). In the evening, cows were fed with
lupin seeds 2 h before milking, while in the morning, cows
were milked before feeding. It follows that QAs both from
morning feeding and in part from evening feeding were
excreted in the evening milk, while in the morning milk, only
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Figure 4. QA contents in morning and evening milk during BSL-1
and BSL-2 feeding (mean values in steady state in pug/kg). Feeding
periods, BSL—1 (blue sweet lupin seeds 1 kg/d) and BSL—2 (blue
sweet lupin seeds 2 kg/d).

Table 4. Estimated TRs of QAs from Feed into Milk, which
is made up out of morning + evening Milk

95% confidence

mean [%] = (morning +
interval [%]

evening)

13a-hydroxylupanine 1.74 (0.95 + 0.79) 1.34-2.16
lupanine 2.31 (0.96 + 1.35) 1.85-2.77
isolupanine 2.92 (121 + 1.71) 2.57-3.35
angustifoline 1.05 (0.43 + 0.62) 0.93-1.18

3.74 (1.79 + 1.95)
sparteine” 0.13 (0.06 + 0.06)

“Marks the QAs for which no model was developed but nevertheless a
rough approximation of the TRs from the data was made.

multiflorine”

the remainder was found. Interestingly and in contrast to the
other QAs, the TR of 13a-hydroxylupanine was higher in the
morning than in the evening milk (Table 4). An explanatory
hypothesis is the possible biotransformation of QAs in the cow.
So far, metabolism of individual QAs has been investigated
only in rats, pigs, rabbits, and humans.'%**** Studies in rats
showed that sparteine was oxidized to lupanine, which was
found in the urine of orally dosed rats in vivo (suspected
microsomal metabolization), while lupanine was found to be
presumably transformed to a hydroxyl derivative through a yet
unknown pathway.'”>* Until now, there exists no information
regarding the possible metabolization of lupanine into 13a-
hydroxylupanine in cows. However, conversion could explain
its higher values in the morning milk.

It is known that ruminants can render certain plant toxins
harmless via microbial metabolization in the rumen. However,
an in vitro rumen fermentation study conducted in our
department (data not shown) did not find ruminal degradation
of lupanine, which confirms the previous results of Aguiar.’®
Accordingly, metabolization of QAs in the liver might be the
cause for the observed differences in QA excretion, but further
research is needed in this regard. Other metabolites were not

investigated with the current analytical method, therefore, an
occurrence of possible metabolites in milk cannot be excluded.

Toxicokinetic Modeling and TRs for QAs. As a first step,
the hypothesis of dose-dependent QA transfer into milk™* was
tested. A permutation test was applied to verify whether the
experimental data allow rejection of the hypothesis. With the
exception of angustifoline, the permutation test provided no
indication of a non-linear dose-dependent TR for the QAs
studied. The apparent non-linearity for angustifoline was
neglected because it can be attributed to the small sample size.
Therefore, all QAs were fitted to the 3-compartment PBTK
model (eqs 1 and 2, Figure 2) using the data for all cows and
all experimental periods (both doses BSL-1 and BSL-2)
simultaneously to obtain the optimized model parameters
(Table S4). Results of the PBTK model for QA excretion via
milk are shown in Figure 5.

In Figure 5, QA excretion from morning and evening milk
was lumped together as daily excretion (total bar for model
and dots for experiment). During the first BSL feeding period
(BSL-1), the concentration profiles of QAs could be
adequately predicted. Concerning the second feeding period
(BSL-2), the model was only able to reproduce the average
behavior, as the measured QA contents in milk displayed
higher variability. In particular, the model was unable to
reproduce the apparent peak (Figure S, day 27) in the analyzed
QA contents in milk at the beginning of BSL-2 feeding, which
might indicate more complex underlying kinetics. Since the
PBTK model could nevertheless reproduce the average
behavior, it was used to calculate transfer parameters, namely
TRs (Table 4) and milk excretion a- and f-half-lives (Tables
S1, S2).

All four investigated QAs showed fast and dominant milk
excretion a-half-lives of around 0.27 d (Table S1), which are
similar to the literature plasma half-lives for lupanine of 0.29
and 0.23 d in cows.”™* In contrast, the half-life of lupanine in
beef cattle reported in another study was 0.48 d with a mean
residence time of 50—61 h, equivalent to half-lives of 1.44 and
1.76 d, respectively, in a 1-compartment setting.4'9’56’57 Those
values are considerably higher than the derived values of the
present study (Table S1), suggesting that there are differences
in the kinetic behavior of lupanine between different breeds or
production purposes and may be attributable to the lack of
excretion with milk.*

The shape of the data profile from the depuration period
(Figure S6, days 14—17 and 31—34) shows a biphasic behavior
(two half-lives). The chosen model (Figure 2) reproduces this
behavior; from it, f-half-lives of 2.48—5.18 d for the four QAs
were estimated (Table S2). The intake of QAs from sources
other than measured feed can be excluded. Additionally, the
QA analysis showed values above the LOQ _in the depuration
periods contrary to the adaptation period. This suggests that
small amounts of QAs remained in the peripheral compart-
ment after exposure, resulting in an extended f-half-life during
the depuration period. But how relevant are these f-half-lives
for risk analysis? The answer comes from the postulated
parameter RTA (eq S17, Table S3) that quantifies the relative
importance of the a- and f-half-lives. RTA indicates when the
system moves from the a-phase to the B-phase of depuration.
The RTAs found for QAs (Table S3) range from 0.11 to 0.33%
of the steady state amounts, which means that more than
99.67% of the depuration occurs in the a-phase. Therefore, the
P-phase of depuration is practically irrelevant, provided it
happens at amounts that are toxicologically of no concern.
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Figure S. Daily amounts excreted via milk for four QAs. Bars denote the toxicokinetic model results plotted together with their confidence intervals
across animals (divided into morning—yellow—and evening excretion—green). Blue dots represent the daily amount excreted obtained from the

feeding experiment.

Combined with knowledge of a very short a-halflife (Table
S1), we conclude that in most cases, it is possible to rely on a
simple multiplicative TR calculation. The TRs into morning +
evening milk of individual modeled QAs (Table 4) range from
1.05% for angustifoline to 2.92% for isolupanine. Furthermore,
although the data did not allow the development of a PBTK
model for sparteine, its TR can be roughly estimated directly
from the data by averaging

Daily excretion
TR= ———-——
Daily feed 4)

for all days in apparent steady state with measurements above
LOQ, resulting in a TR of 0.12%. The same method for
multiflorine yields a TR of 3.74%. These results may partly be
explained by the fact that, so far, it cannot be ruled out that
individual QAs are metabolized to other QAs, resulting in
higher TR for individual QA. Although the use of simple
multiplicative calculations using TR should suffice for most
cases of risk analysis, the full predictive toxicokinetic model
code is included as part of the Supporting Information as it can
help understanding how these contaminants are transported
into the milk.

Assessment of Consumer Exposure to QAs Using the
EFSA RACE Tool. A preliminary estimation of the dietary
acute exposure by using the EFSA RACE tool showed that the
sole consumption of milk containing QAs at a level as
measured in the present study might result in intakes above
0.16 mg/kg bw for high milk consumers.® This, in turn, means
that the corresponding MoE is <1, reflecting an exposure in the
effect level and consequently a health concern (Table 5).

Already in BSL-1, MoEs <1 were measured for all
population groups. Additionally, in BSL-2, maximum levels
in milk also represent an exposure in the effect level for all
population groups.

11755

Table S. Comparison of the Exposure of High (P95) Milk
Consumers to the Lowest Single Oral Effective Dose for

QA”

population group high consumer (P95)

QA content in cow’s milk (ug/kg)

BSL-1 BSL-2
max max
19607.3 90186.5

comparison of exposure to
toxicological reference point expressed

as MoE
infants 0.04 0.01
toddlers 0.11 0.02
other children 0.18 0.04
adolescents 0.41 0.09
adults 0.72 0.16
elderly 0.93 0.20
very elderly 0.96 0.21
pregnant woman 0.77 0.17
lactating woman 0.92 0.20

“The EFSA Rapid Assessment of Contaminant Exposure (RACE)
tool was used for calculation of different exposure scenarios.
Maximum QA in the milk during BSL-1 and BSL-2 of the feeding
experiment and a lowest single oral effective dose of 0.16 mg

sparteine/kg bw/d were taken as a basis. Bold numbers: exceedance
of MoE 1.

The calculated MoE values refer only to the sole
consumption of raw milk containing QA levels as measured
in the present study. Therefore, it cannot be excluded that
dilution, processing of milk, as well as the production of dairy
products may have consequences for the content of QA and,
consequently, for the exposure level and the resulting MoE
values.
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However, QA contents and QA profiles differ considerably
between lupin breeds and even within the same variety. The
different excretion patterns of individual QAs also show that
further investigations are necessary to understand the
metabolism of QAs within dairy cows. In conclusion, the
present study proves the transfer of QAs from BSL into milk of
dairy cows already at low inclusion levels of lupin seeds in the
ruminant diet.
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