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Abstract

Background and Objective: Ricin is a naturally occurring toxin and one of the most accessible and most lethal poisons. Castor oil plants
are proved to be not only a source of ricin, but also a toxic alkaloid ricinine, which is considered to be a biomarker for the intoxication of
castor oil plant or ricin itself. The purpose of this experiment was to determine the distribution and concentration of ricinine in the blood
and tissues of experimental rats after their treatment with castor seeds suspension. Materials and Methods: Experimental rats were
simultaneously orally tested with the castor seeds suspension which contained sub-lethal concentration of ricin and sacrificed after
6,12,24,36 and 48 hrs. The gas chromatography-mass spectrometry method was developed to quantify ricinine in the samples of blood,
brain, lungs, kidneys and liver. Results: The obtained experimental results were processed by the data augmentation method to achieve
better data variability and make more reliable conclusions. The highest content of ricinine in blood was measured 6 hrs after the
treatment, as well as in the lungs and kidneys. In these samples, the concentration of ricinine decreased over time. In the final stage of
the experiment, the highest ricinine concentration was registered in brain tissue. Conclusion: The obtained experimental results offer
the possibility of selecting the samples of blood and brain tissue to prove acute poisoning and the cause of death due to ricin intoxication.
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INTRODUCTION

Ricin is considered as one of the most lethal natural
poisons known'3, According to some sources ricin is
6000 times more poisonous than cyanide and 12000 times
more poisonous than rattlesnake venom?. It is obtained from
the castor bean plant (Ricinus communis), which grows in a
tropical climate and whose seeds contain its highest content
(1-5%)>%. Ingestion of castor seeds is surely the most
common cause of ricin poisoning, although inhalation and
injection proved to be the most potent routes’. Owing to
protein destruction in the alimentary tract, toxicity of ricin is
lower after the oral intake®. Intact castor seeds can easily
travel through digestive tract without any symptoms of
poisoning. The degree of seed mastication is closely
connected to the level of toxicity of the ingested seeds’.
Ricin is observed as a potential weapon of bioterrorism since
the plant Ricinus communis is easily available and the
extraction of ricin from castor bean seeds is quite simple. Since
it poses a significant risk for human health, it is classified as a
biological weapon B!, It has also been recently used for the
formation of immunotoxins in the therapy of malignant
diseases and AIDS'>'3. Castor oil plants are proved to be not
only a source of ricin, but also a toxic alkaloid ricinine
(0.3-0.8%) which makes them the only known natural source
of ricinine™. Seeds of this plant are used for the co-extraction
of ricinine and toxalbumin ricin as well™. Detection of ricinine
in clinical samples is relatively simple by using different
chromatographic methods. Nevertheless, its identification in
biological samples is complicated, which makes ricinine a
biomarker for the intoxication by castor oil plant or ricin
itself'S. Studies in experimental animals are always limited by
number of animals included regarding ethics issues. This can
increase uncertainties regarding the results obtained and
conclusions made, especially in statistics. Thus, the data
augmentation approach is an efficient mathematical way of
obtaining large sets of results that simulate the variability of
experimental results, as well as the variability of obtained
conclusions’.

This study aimed to examine the distribution of ricinine as
a biomarker for ricin exposure in the blood and tissues of
experimental animals at different times after their treatment
with castor seeds suspension. Furthermore, the experimentally
obtained results were additionally augmented by Monte Carlo
simulations to minimize the uncertainties regarding the
limited number of experimental animals used. The conducted
study should facilitate the selection of tissues with the highest
content of ricinine and by analysis of human biological
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samples, would contribute in proving acute poisoning and the
cause of death due to ricin intoxication.

MATERIALS AND METHODS

Study area: The study was conducted from January to March,
2022 in the National Reference Laboratory for Rabies-Pasteur
Institute in Novi Sad and in the Center for Forensic Medicine,
Toxicology and Molecular Genetics, Clinical Center of
Vojvodina, Novi Sad, Serbia.

Herbal material: Castor beans (200 beans) for treating
experimental animals were collected in the garden of a
private property in the area of Backa, AP Vojvodina,
Serbia. Quantitative Gas Chromatography-Mass Spectrometry
(GC-MS) analysis showed that the content of ricinine in castor
beans was 0.15%, which is to literature data'. Based on that,
the content of ricin in the seeds was about 0.9% or about
1.60 mg. Given that the LD, of ricin in laboratory rats is
30 mg kg™, it was decided to treat the animals with a
suspension of three seeds of castor bean in 1 mL of
physiological solution, which represents a dose of 19 mg kg™
b.wt., of ricin, i.e. 3.2 mg kg~" b.wt,, of ricinine.

Experimental animal treatment: Experiments were carried
out on white sexually 30 mature male Wistar rats body weight
250-350 g. The animals were selected by random choice
method from the vivarium (Military Medical Academy,
Belgrade, Serbia). Until the start of the experiment,
experimental animals were kept in cages in groups of two or
three, in a room with a 12 hrs light-dark cycle and an ambient
temperature of 20-25°C. They had free access to commercial
pelletized food and water. For treating experimental animals
dried castor beans were decorticated, washed with tap water
and then ground in a mortar with 1 mL physiological solution
(0.9% NaCl, Hemofarm, Serbia). A suspension of three seeds
was prepared for each animal.

The animals were divided into two groups:

«  Control group: The 5 animals upon weighing, received
1 mL of physiological solution and sacrificed after 48 hrs

« Experimental group: The 25 animals upon weighing
received 1 mL of the prepared suspension of three seeds
of castor bean (19 mg kg™ b.wt., of ricin, i.e. 3.2 mg kg™
b.wt., of ricinine) and sacrificed after the different times:
6, 12, 24, 36 and 48 hrs, each time 5 animals
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Castor bean suspension was administered using a
stainless-steel probe, opening size 18 g, for per-oral treatment
of experimental animals and after that the animals were kept
in separate cages. After a certain period, animals were
anesthetized with a 25% solution of urethane (Sigma-Aldrich-
Germany), in a dose of 5 mL kg™ intraperitoneally. After the
loss of the righting reflex, animals were sacrificed by
exsanguination (cardiopuncture) and the following samples
were taken: Blood (in tubes with anticoagulant lithium
heparin, BD Vacutainer, Great Britain), brain, lungs, kidneys
and liver. Samples were stored at -80°C until analysis.

Samples preparation: To blood samples (2 mL), a solution of
the internal standard (IS) of meperidine (0.1 mL; 0.1 ug mL™")
was added together with solid buffer K,CO;:NaHCO;=2:3and
25% NH,OH to obtain pH = 9 and the content was diluted to
15 mL with distilled water.

Quartz sand (1 g) and sodium chloride (1.5 g) were added
to 30 brain samples (each 1.5 g) and then homogenized in a
mortar. After adding the solution of meperidine-IS (0.1 mL;
0.1 g mL™") to homogenates, they were diluted with 15 mL of
acidified distilled water (pH 2, adjusted by adding 2 m H,SO,).
To remove cholesterol and higher fatty acids, extraction was
carried out with n-hexane (5 mL) on a Vortex T-Genie 2
apparatus for 2 min. Organic layers were discarded after
centrifuging at 3000 rpm for 10 min, while aqueous layers
were adjusted to pH = 9 by adding solid buffer K,CO;:
NaHCO; = 2:3 and 25% NH,OH.

Samples of lungs (2 g), kidneys (2 g) and liver (12 g) were
homogenized in a mortar and after adding a solution of the IS
of meperidine (0.1 mL; 0.1 ug mL™") were diluted with 15 mL
of acidified distilled water (pH = 2, adjusted by adding 2M
H,SO,) and heated on a hot plate at 80°C for 1 hr. After acid
hydrolysis solid buffer K,CO;: NaHCO; = 2:3 and 25% NH,OH
were added to adjust pH =9.

Diluted blood samples and brain, lungs, kidneys and
liver homogenates were extracted by solid phase extraction
(SPE) using Extrlut NT 20 extraction columns (Merck,
Germany). Elution was done with the solvents
methylenechloride/methanol = 9:1 and after evaporating to
dryness and reconstitution in methylene chloride, samples
were analysed by GC-MS method.

Development and validation of GC-MS analytical method:
Analysis were performed using Agilent gas chromatograph
(GC) with mass selective detector (MS) as described
Djurendic-Brenesel et a/'®. The MS was run in SCAN mode
(m/z 50-550) for qualitative analysis and SIM mode (selected
ion monitoring) for quantitative analysis (m/z 164, 121, 82 for
ricinine and 247, 172, 218 for IS of meperidine).
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Separate stock solutions of ricinine and IS (meperidine)
were prepared at the concentration 100 ug mL~" in distilled
water by diluting the original standard solutions (in methanol)
of ricinine (1 mg mL™") and meperidine (1 mg mL™),
purchased from Sigma-Aldrich, Germany. Ricinine working
solutions were prepared from stock solution in the
concentration range of 0.02-0.50 ug mL~". The internal
standard working solution was prepared at the final
concentration of 0.1 ug mL™".

Calibration samples-spiked blood (2 mL), brain (1.5 g),
lungs (2 g), kidneys (2 g) and liver (12 g) control samples were
prepared by adding aliquots of standard working solutions of
ricinine to final concentrations from 0.02 to 0.50 ug mL~" and
0.1 mL of standard working solutions of IS. All calibration
samples were extracted according to the described method
above.

Quantification was carried out based on the characteristic
m/z values of ions for ricinine. The ratio of the peak areas of
ricinine and that of IS were presented as a function of the
substance concentration using linear regression method, the
coefficient of correlation being r? = 0.997-0.999. The lower
detection limit for ricinine was 0.007 ug mL=" and limit of
quantitation was 0.02 ug mL=".

Recovery was determined by adding a known amount of
ricinine to the control bio-logical samples, which were then
treated on SPE columns and after the GC-MS analysis, the peak
areas of ricinine were compared with peak areas of the same
amount of the ricinine injected directly to the GC-MS
instrument without extraction. This way recovery achieved the
range of 80-90%.

Ethical consideration: In this study, all protocols and
experiments were approved by the Institutional Animal Care
and Use Committee (No. IlI-2011-07).

Statistical analysis: All of the obtained results were
summarized by application of MS Office Excel (v. 2019) and
further statistically processed by application of Tibco Statistica.
The results were analyzed by application of descriptive
statistics, whereas the linear correlation between the groups
of interest was evaluated using Pearson’s correlation
coefficient. A value of p<0.001 was considered statistically
significant. The effects of sampling time on the ricinine
concentration in different biological samples were further
examined by the application of multivariate statistics
(principal componentanalysis). Principal Component Analysis
(PCA)isadimensionreduction technique that enables a better
understanding of the original dataset variability by presenting
it in the low-dimensional space defined by principal
components. However, the limited number of the obtained
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analytical results for ricinine concentrations in the present
study indicated the application of a simple dataaugmentation
method. For this purpose, Monte Carlo simulations in Crystal
Ball software (v 11.1; Oracle Corporation, Austin, TX) with
500 iterations were applied to analytically determined
ricinine concentrations, whereas the assumption of Gaussian
distribution was applied to data. This approach enabled
boosting of the initial data matrix described by 25 cases and
5 variables to the dataset with dimensions 25005 which
served as an input for PCA.

RESULTS

Ricinine quantification: Figure 1 shows the content (average
value, n =5) of experimentally determined ricinine in samples
of blood, lungs, kidneys, liver and brain of male rats measured
6, 12, 24, 36 and 48 hrs after the treatment. The data are
presented as mean values for 5 experimental animals in the

group (n =5).
In Fig. 1, the highest content of ricinine after 6 hrs of
treatment was measured in samples of blood

(4.25£0.78 ng mL™"), brain (3.80£0.44 ng g7"), lungs
(3.75£0.27 ng g~") and kidneys (2.56£0.16 ng g "), while the
lowest was registeredin theliver (1.86+0.28 ngg~'). Between
6 and 12 hrs, a decrease in ricinine concentration is observed
in blood, lungs and kidneys, while concentration in the brain
and liver increases. In the next 12 hrs, ricinine concentration
rapidly decreases in the brain and slightly decreases in
the blood and other tissues. The 24 hrs after the intoxication,
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ricinine concentrations in blood, lungs, kidneys and brain
are lower than at the beginning of the experiment, which
was contrary to concentration observed in the liver. It is
important to mention that the concentration in the
brain (3.60£0.23 ng g™') has a much higher value
compared to other tissues (1.37-2.52%0.14 ng g~') and
blood (1.821+0.15 ng mL™"). Between 24 and 36 hrs, ricinine
level slightly increases in the liver and kidneys, while it
decreases in the blood and other tissues. The concentration
of ricinine is the highest in the liver 36 hrs after the
intoxication and has the same value as in the brain.In the
final stage of the experiment (48 hrs after the treatment), the
highest ricinine concentration was registered in the brain
(205%0.14 ng g7'), while it was the lowest in the lungs
(0.981+0.13 ng g7'). At the same time, the content of ricinine
in blood, liver and kidneys is approximately on the same
level.

A statistically significant positive correlation was found for
the values of concentration of ricinine in the blood and lungs
(p<0.001), blood and kidneys (p<0.001) and lungs and kidneys
(p<0.001). No statistically significant correlation was
established between values of concentration of ricinine in liver
and other tissues, as well as in the brain and other tissues
(Table 1).

Dataaugmentation-chemometricapproach: The application
of principal components analysis on a dataset describing
ricinine distribution in different biological samples during time
after treatment shows that the first two principal components

— Blood
Lungs

— Kidneys
Liver

—— Brain

0.0 T T
12

24
Time (hrs)

36

Fig. 1: Concentration of ricinine (average value, n = 5) in samples of blood and tissues vs time
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Fig. 2(a-b): PCA of ricinine concentrations, (a) PCA loadings and (b) the position of analyzed cases in the space define by the first

two principal components

Table 1: Correlation of ricinine concentration between different tissues

Blood Lungs Kidneys Liver Brain
Blood r 1 0.936 0.869 -0171 0.347
p <0.001 <0.001 0.436 0.104
Lungs r 1 0.877 -0.215 0.277
p <0.001 0324 0.200
Kidneys r 1 -0.137 0.382
p 0.532 0.072
Liver r 1 0.505
p 0014
Brain r 1
P

(PCA1 and PCA2) describe more than 90% of the original
dataset variability (Fig. 2a). The size of the variability in term of
PCA1 is mostly described by ricinine concentrations
determined in evaluated biological samples at later stages of
intoxication (12, 24 and 48 hrs). On the other hand, the shape
of obtained results variability in terms of PCA2 mostly
correlates to the ricinine concentrations determined at the
first time point (6 hrs) after treatment. The position of the
evaluated samples in the space defined by the first two
principal components (Fig. 2a) indicates a close grouping of
kidney, blood and lung samples in the positive part of PCA1.
This is a direct consequence of rapid decrease of recorded
ricinine concentrations in the periods after treatment, as well
as ricinine lower level when compared to two other two types
of biological samples. Furthermore, if the aforementioned
group was observed, a separative grouping of kidney samples
in term of PCA2 can be noticed as a consequence of lower
ricinine levels recorded 6h after intoxication. On the other
hand, liver and brain samples are located in the negative part
of PCAT as a consequence of higher recorded ricinine
concentrations during the observed time frame. Of particular
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importance is the highest level of ricinine in brain samples
which is present 12, 36 and 48 hrs after intoxication. On the
other hand, the position of liver samples in the positive part of
PCA2indicates lowerricinine levels 6 hrs afterintoxication, but
grouping in the same space with brain samples suggests
higher ricinine concentration in time points 12, 24 and 36 hrs,
when compared to blood, kidney and lungs samples (Fig. 2b).

DISCUSSION

This work aimed to examine the distribution of ricinine as
a reliable marker of ricin poisoning in the blood and inner
organs of experimental animals. To this end the procedures of
preparation and application of castor seed suspension to
laboratory rats were developed, as well as of isolation of
ricinine from the biological samples of blood and inner
organs (lungs, kidneys, liver and brain) and its GC-MS
quantification. The animals were orally treated with the castor
seed suspension containing sub-lethal concentration of ricin,
which represents a novelty concerning previous studies in
which animals were treated with pure substances, ricin or
ricinine.

So far, a large number of methods for proving ricin in
biological samples have been described. One of the earliest
technigues was radioimmunoassay (RIA), which could be used
to detect low concentrations of ricin'®. Enzyme-Linked
Immunosorbent Assay (ELISA) involves a shorter assay time
and advantages in specificity and simplicity®®. However,
assay time is greatly improved by the use of various
techniques such as fluorescence-based fiber optics or colloidal
gold particles?'?2, Capillary electrophoresis coupled with mass
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spectrometry allows distinction between different forms of
ricin toxin and also allows rapid separation and purification of
complex mixtures?. In the case of mass exposure to a biotoxin
weapon the microfluid chip-based immunoassay could be a
very useful method because it works rapidly, requires minimal
sample volume and shows noticeable sensitivity?*. The IPCR
(immune-polymerase chain reaction) is a very sensitive
antigen detection method that is used for the detection of
ricin in human serum samples and with the use of IPCR the
limit of detection of an ELISA was increased up to 10000-fold?°.
Liquid Chromatography-Electrospray/Mass Spectrometry
(LC-ES/MS) and Matrix-Assisted Laser Desorption/lonization
Time-of-Flight (MALDI-TOF) method are in use for the
detection of ricin and ricinine from crude plant material®®.
Newer methods of ricin detection are based on
immunocapture by anti-B-chain antibodies and determination
of the adenine released by the A chain?.

Detection of ricin in biological samples can be done
indirectly through the detection of ricinine. Ricinine is a small
size molecule that can be detected in clinical samples using
various chromatographic methods?.

Following the resorption through the digestive tract, ricin
and ricinine enter the blood and reach the highest
concentrations within the first hours after the intoxication.
Earlier studies showed that ricin can be found in blood within
less than one hour after oral intake?**, Results of current study
experiments show that the concentration of ricinine is the
highest in blood 6 hrs after a suspension is applied and then
sharply decreases between 6 and 12 hrs. That was following
literature data which showed that soon after the
intoxication thereis a sharp decrease of the ricin level in blood
and that is most probably the consequence of its rapid
binding to receptors on the cell surface and redistribution
along tissues®'34,

Variations in the ricinine level in the lungs have similar
dynamics as in the blood. Interestingly, concentrations of
ricinine in the lungs and brain are almost identical 6 hrs after
theintoxication. That can be explained by the fact thatricinine
passes through blood-brain and respiratory barrier and quickly
redistributes to the brain and lungs from blood. Itis necessary
to point out that the toxicokinetic data of ricinine distribution
after oral ingestion are rare. The numerous studies are based
on intravenous or inhalation route of toxin application.
Results of the study by Hodges et a/3> and Sapoznikov et a/3¢
showed that after ricin aerosol application to mice its
concentration in lungs decreased rapidly within the first 6 hrs,
followed by a constant slight decrease until 30 hrs. Similar
results were obtained by Ramsden et a/3? and Godal et a/*,
who applied ricin to animalsintravenously or intraperitoneally.
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Ishiguro et a/>” applied ricin to laboratory rats orally in a dose
of 10 mg kg~"and they established that it cannot be detected
in the lungs between 6 and 72 hrs after intoxication.

Currentstudy results show that the distribution of ricinine
in kidneys is by previous studies®3?, There is a case report
about the suicidal attempt of a man who took a castor seeds
suspension orally and intravenously. The concentration of
ricinine in his urine had a similar progression as in our
research. In that case, the highest concentration in urine was
detected 12 hrs after the intoxication, when the first sample
for the analyses was taken (in our experiment it was 6 hrs after
the intoxication). Similarly, the concentration of ricinine
decreased rapidly in the period of up to 29 hrs after the
intoxication, while in the subsequent period of 29 to 41 hrs, it
increased slightly*.

In the current study, while the concentration of ricinine
decreases in blood, it increases in liver, showing the
redistribution pathway. Unlike other analyzed tissues, the
concentration of ricinine remains constant in the liver for a
certain period. This can be explained by the accumulation of
toxin in the liver which most likely happens through portal
bloodstream and its subsequent metabolism. Results of the
present study experiment are by the study by Ishiguro et a/*,
who also established that the concentration of ricin increases
in the liver starting from 6 hrs after the oral intoxication,
reaching its maximum value after 48 hrs and then decreasing.
In case reports of Verougstraete et a/3'" and Starikova et a/*
ricinine is detected in the liver in post-mortem samples after
a suicidal intravenous injection of castor bean extract.

There is no literature data about ricin or ricinine
distribution in brain tissue after intoxication. Results of current
study show high levels of ricinine in the brain in all analyzed
periods, with the highest concentration 12 hrs after
intoxication. Ricinine remains in a high concentration in brain
tissue several hours after intoxication, compared to other
tissues.

Cases of ricine intoxication are rare in our practice.
Symptoms of ricine poisoning are non-specific, so reliable data
about castor beans ingestion are very important for
establishing the diagnosis of poisoning.

CONCLUSION

This study indicates that in cases with the suspicion of
ricin poisoning it is necessary to take biological samples for
chemical-toxicological analyses, especially blood and urine
within 12 hrs after the intoxication. The obtained results also
show that ricinine can be identified in blood and urine
samples 48 hrs after the intoxication, but the concentrations
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in that period are significantly lower. If the ricin poisoning is
fatal, it is necessary to confirm that the cause of death is a
consequence of ricin intoxication. Results of our research show
that during the autopsy it is necessary to take samples of
blood, urine, lungs, kidneys, liver and brain because ricinine,
as an indirect marker of ricin intoxication, can be found in
these organs. The death caused by ricin poisoning most often
happens in the period of 36 to 72 hrs after intoxication and
based on our results it can be concluded that ricinine can be
detected with a high level of certainty first of all in liver and
brain tissue, because the highestricinine concentrations were
registered in these organs. According to our knowledge, this
is thefirst study in which ricinine distribution is described after
oral intoxication with castor bean suspension. The obtained
experimental results are of importance as they offer the
possibility of selecting liver and brain tissues as representative
samples which analysis would contribute to resolving the
causes of death due to ricin intoxication.

SIGNIFICANCE STATEMENT

The main goal of this research was to prove the presence
of ricinine in the blood of laboratory rats with the time interval
that passed from the oral application of the suspension, as
well as to determine the distribution and concentration of
ricinine in the organs of laboratory rats at different times of
sacrifice. Theresults of the research enable the standardization
of procedures for selecting representative samples in case of
suspicion of ricin poisoning and methods of proving acute
poisoning.
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