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Abstract: Ricin, produced from the castor beans of Ricinus communis, is a cytotoxin that exerts its 

action by inactivating ribosomes and causing cell death. Accidental (e.g., ingestion of castor beans) 

and/or intentional (e.g., suicide) exposure to ricin through the oral route is an area of concern from 

a public health perspective and no current licensed medical interventions exist to protect from the 

action of the toxin. Therefore, we examined the oral toxicity of ricin in Balb/C mice and developed 

a robust food deprivation model of ricin oral intoxication that has enabled the assessment of 

potential antitoxin treatments. A lethal oral dose was identified and mice were found to succumb 

to the toxin within 48 h of exposure. We then examined whether a despeciated ovine F(ab’)2 

antibody fragment, that had previously been demonstrated to protect mice from exposure to 

aerosolised ricin, could also protect against oral intoxication. Mice were challenged orally with an 

LD99 of ricin, and 89 and 44% of mice exposed to this otherwise lethal exposure survived after 

receiving either the parent anti-ricin IgG or F(ab’)2, respectively. Combined with our previous work, 

these results further highlight the benefit of ovine-derived polyclonal antibody antitoxin in 

providing post-exposure protection against ricin intoxication. 

Keywords: Ricinus communis; ricin; ovine; antitoxin; antibody; IgG; F(ab’)2; murine; oral; post-

exposure therapy 

Key Contribution: This is the first time an antibody-based antitoxin has provided protection against 

a lethal model of oral ricin intoxication. 

 

1. Introduction 

Ricin is a 65 kilodalton (KDa) glycoprotein produced by the plant Ricinus communis. There are 

many cultivars of R. communis found throughout the world, with the large-scale production of the 

plant used for the commercial manufacture of castor oil for cosmetics, coatings, industrial and/or 

automotive applications and as a source of biodiesel [1,2]. There are two million tonnes of castor oil 

produced each year, with the waste mash of castor seeds after the oil extraction process being 

approximately 5% ricin by weight [3]. 

Ricin is a type 2 ribosome-inactivating protein (RIP-II) that consists of two peptide chains (A- 

and B-chains) linked by single disulphide bond. The mechanism by which ricin exerts its toxic effects 

is well documented and involves both chains performing defined roles to bring about cell death. 

Initially, the B-chain (RTB) binds to the plasma membrane of the target cell via carbohydrate galactose 

residues [4]. The toxin is then endocytosed within vesicles and traffics through the trans-Golgi 



Toxins 2020, 12, 784 2 of 13 

 

network to the endoplasmic reticulum (ER) whereby the RTB and the catalytically-active A-chain 

(RTA) separate via reductive cleavage by protein disulphide isomerases (PDI) [5]. The A-chain (RTA) 

is then transported into the cytosol via the endoplasmic reticulum-associated protein degradation 

system (ERAD) where the RTA refolds and inhibits protein synthesis. Specifically, the RTA causes 

the depurination of the α-sarcin-ricin loop (SRL) via the hydrolysis of the N-glycosidic bond on 

adenine 4324 located on the 28S rRNA ribosomal subunit resulting in a ribotoxic stress response [6]. 

This toxicity leads to direct cell membrane damage, the alteration of membrane structure and 

function, and the release of cytokine inflammatory mediators or apoptosis via multiple signalling 

pathways. Intoxication by ricin via most routes, including parenteral, inhalational and ingestion, can 

ultimately be lethal to man [7]. The estimated lethal doses for man have been extrapolated from 

experimental animal models and vary depending upon the route of exposure. However, the median 

lethal dose for ingestion is estimated to be around 1–20 mg per kilogram [7] and is around 1000 times 

more toxic via the inhalational and intravenous routes [8].  

The cases of exposure of both humans and animals to ricin have been comprehensively reviewed 

by Worbs et al. [8]. Most reported cases relate to either accidental (e.g., animals eating R. communis 

plants, children chewing/eating castor beans) and/or intentional ingestions (e.g., suicide, prescribed 

by unlicensed health practitioners) [8]. Upon ingestion, non-specific symptoms of intoxication (e.g., 

diarrhoea, abdominal pain, vomiting, oropharyngeal pain) may take many hours to emerge [9–12] 

making early diagnosis challenging. The direct detection of the toxin in clinical samples (e.g., blood, 

stool) has also been found to be challenging even at high doses of purified ricin [8]. Reporting within 

experimental animal models of ingestion is limited but has shown increases in non-specific 

inflammatory markers such as TNFα [6]. This is followed by ricin-associated apoptosis and 

neutrophilic infiltrate into the intestinal tract, trafficking into and the collapse of the circulatory 

system and/or major organ failure leading to death [6,13–15]. Given these clinical challenges effective, 

treatments are urgently needed, as at present there are no licensed therapies available for ricin 

intoxication. 

We have previously demonstrated the efficacy of a despeciated (F(ab’)2) ovine polyclonal 

antitoxin which protected mice from a lethal ricin inhalational challenge as late as 24 h after 

intoxication [15]. The development of therapies to treat ricin intoxication continues to be an active 

area of research. Neutralizing antibodies (i.e., IgG and F(ab’)2) delivered shortly before or after 

intoxication have been shown to reduce or inhibit ricin induced toxicity in animal models [15–19]. 

Antibody-fragment based therapies for use in man are hypothesised to have a reduced incidence of 

adverse anaphylactoid or anaphylactic reactions following the single or repeat administration of 

antitoxin than the parent IgG antitoxins [15]. Given the obvious clinical challenges of diagnosing and 

treating ricin intoxication, we aimed to evaluate whether this antitoxin and the parent IgG antibody 

would also protect following the ingestion of ricin. We studied ricin ingestion in Balb/C mice using 

an approach that markedly reduced the time needed for food withdrawal, from 20 h to 8 h, prior to 

ricin administration by oral gavage, thus providing ethical refinement over the previously published 

methods [13,20,21]. 

2. Results 

2.1. A Food Withdrawal Time of 8 h Minimizes Variability in Stomach Contents 

Studies were undertaken to determine stomach and gut digesta clearance times in mice following 

the removal of food in order to generate a reproducible model in which to determine ricin oral toxicity 

and the efficacy of the ricin antitoxin. Mice were culled via cervical dislocation 4, 8, 10 or 11 h after food 

withdrawal. Comparative control mice were culled without food withdrawal at 0, 4, 8 or 11 h. The length 

of the empty small intestine between the stomach pylorus and visible digesta increased during the eleven 

hour time course in the food-deprived mice, with a significant difference observed at 11 h compared to 

the control mice given food ad libitum (Figure S1). Additionally, only residual digesta were observed 

within the stomach of the mice examined after 11 h (data not shown). There was a significant difference 

between the food-withdrawn and control mice in the wet weight of the large intestine at 8 and 11 h and 
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in the small intestine after 11 h. These observations suggest the digesta transit time through this region of 

the gastrointestinal tract is rapid in the BALB/c mouse with almost all the small intestine devoid of digesta 

at 10 and 11 h following food withdrawal. At 11 h, adverse tail-biting behaviour was noted and the post 

mortem evidence of mouse bedding and corn cob ingestion was observed (data not shown). Due to these 

complications at 11 h, the food withdrawal was reduced to 8 h to minimise the variability of the stomach 

contents within animals prior to ricin oral exposure. 

2.2. Toxicity of Orally Administered Ricin  

The challenge of Balb/C mice with oral doses of ricin ranging from 158 to 1564 µg·mouse−1 

resulted in dose-dependent, earlier times to death in the majority of mice. Four independent ricin 

dose-lethality studies were performed with the data analysed using Probit analysis (Minitab v17). No 

significant difference was seen between the studies (p = 0.113; chi square test) and the estimated LD50, 

was defined as the concentration of ricin expected to kill 50% of the exposed population, which from 

the pooled data was 431.1 µg·mouse−1 (95% confidence interval (CI) 398.5–465.8 µg/mouse). The 

estimated LD99 (the concentration of ricin expected to kill 99% of the exposed population) was 1050 

µg·mouse−1 (95% CI 891.8–1332.0 µg/mouse) (Figure 1A,B). 

 

Figure 1. Survival and dose-response analysis (LD50) of orally administered ricin in mice: (A) dose-

response (LD50) of orally administered ricin in Balb/C mice. Data points from four studies. (B) Kaplan-

Meier survival plot; (C) mean bodyweight changes as a percentage of their own weight at 9 a.m. on 

day 0; (D) mean accumulative scores of signs of ricin intoxication (Table S1); (E) mean occurrences of 

route-specific signs of ricin intoxication over the 14 days (swollen abdomens) following ricin oral 

gavage. 
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Weight change profiles (Figure 1C) and signs of intoxication (piloerection, abdominal pinching and 

reduction in mobility) showed a dose-dependence, with mice receiving higher levels of toxin having more 

severe observed signs prior to death (Figure 1D). A route-specific sign of intoxication observed was a 

swollen abdomen and this was more prevalent for longer at lower doses of ricin (192 to 713 µg·mouse−1). 

The occurrence of swollen abdomens in survivors was no longer observed by 10 days after oral gavage. 

At the highest doses of ricin (949, 1205 and 1564 µg·mouse−1) lower occurrences were observed with the 

mice being killed at the humane endpoint or dying prior to the onset of this sign of intoxication (Figure 

1E).  

Subsequently, three replicate studies were performed on different days to verify the lethality of 

giving ricin at the LD99 (~1050 µg·mouse−1) or Dulbecco’s phosphate buffered saline (D-PBS)—

administered to the negative control groups of mice (n = 10 per group). This dose resulted in the death of 

all mice within 69 h following challenge, with the mean time to death being 40 h (95% CI 35.96 and 44.04) 

for the three studies (data not shown). The onset of signs of intoxication were evident 21 h after ricin 

challenge with mice showing increasing scores of piloerection and abdominal pinching prior to death. 

Additional signs included hunched posture (100% of mice), a swollen abdomen (97% of mice) and watery 

eyes (90% of mice). 

The gross pathology within one group of 10 mice challenged with oral ricin (LD99) was compared 

with sham control groups receiving D-PBS 24 h after exposure (Figure 2). With the exception of the 

wet weight of the stomach and small intestine, which was significantly increased in ricin exposed 

mice compared to the sham control group, no significant differences in wet tissue weights were seen 

between treatment groups (Figure 2A). Unlike the control group, mice challenged with ricin had a 

distended stomach largely filled with food and the small intestine was enlarged, fluid-filled and 

showed signs of reddening. The large intestine was empty of digesta, with a third of mice showing 

signs of reddening and presence of fluid, indicating that the transit of digesta had slowed 

down/stopped following ricin administration (Figure 2B,C). Other consistent signs of intoxication in 

ricin challenged mice included kidneys appearing red and dark in colour and the liver appearing 

pale compared to the control mice (data not shown).  

 

Figure 2. Gross pathological analysis of organs following lethal oral ricin exposure in mice. Post 

mortem pictures and tissue wet weight of Dulbecco’s phosphate buffered saline (D-PBS) control mice 

(food withdrawn but no ricin) and those with food withdrawn and dosed with ricin at a concentration 

of 1050 µg·mouse−1 by oral gavage. (A) Tissue wet weights. Data are shown as the mean ± SD (n = 29 

D-PBS and n = 30 ricin dosed mice). The ricin dosed mice were found to have significantly heavier 

stomachs and smaller intestines than the controls (** p = 0.0014); (B and C) Pictures of the 

gastrointestinal (GI) tract of (B) control mice and (C) ricin dosed mice. The stomachs of the ricin dosed 

mice were full of food and the small intestine appeared reddened and fluid filled compared to the 

control mice. 
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2.3. Ricin Antitoxin Increases Survival and Reduces Morbidity Following Orally Administered Ricin 

The efficacy of the ricin antitoxin against a ricin oral gavage was assessed. To evaluate the 

window of opportunity for effective antitoxin protection, the ricin antitoxin (F(ab’)2; 2.5 mg·mouse−1) 

was administered via the intravenous (iv) route at 1, 3 or 5 h after an LD99 of ricin was administered 

by oral gavage. An antitoxin dose was selected that was previously found to be well tolerated by 

Balb/C mice and fully protective within a lethal aerosol ricin challenge in mice [12]. Mice given ricin 

followed by D-PBS 1 h after exposure (positive controls) succumbed to the effect of the toxin by three 

days after exposure, with 90% succumbing two days after exposure. An increase in survival and a 

reduction in morbidity was observed for the majority of mice administered ricin antitoxin (Figure 

3A). At the experimental end point, 21 days after challenge, it was found that protection was afforded 

to 44, 75 and 11% of mice that received a single bolus of antitoxin given at 1, 3, and 5 h, respectively. 

Mice that were treated with antitoxin at 1 and 3 h showed a significantly increased survival compared 

to the untreated mice (p < 0.004 and 0.0001 respectively; Log-rank Mantel-Cox test). There was no 

significant improvement observed when treating mice with the ricin antitoxin at 5 h. Weight loss 

profiles demonstrated a similar trend to that of survival profiles in that mice given antitoxin after 1 

and 3 h resulted in a mean weight loss of less than 20%, whereas a steeper decline (30%) was observed 

in mice when antitoxin was given after 5 h (Figure 3B). Visible signs of ricin intoxication were 

observed in all mice given ricin oral gavage, with positive control mice displaying worsening signs 

of intoxication including piloerection, abdominal pinching and reduced mobility prior to succumbing 

to the effects of the toxin. A significant reduction in these observed signs was observed in mice given 

antitoxin at 1, 3 and 5 h, with the surviving mice recovering from ricin intoxication within 21 days 

after exposure (Figure 3C). 

 

Figure 3. The window of opportunity for effective ricin antitoxin therapy following the oral exposure 

of Balb/C mice to ricin. A panel of graphs from a therapeutic window efficacy study in which 2.5 

mg·mouse−1 ricin antitoxin F(ab’)2 was administered to mice via the intravenous route (iv) at 1, 3 or 5 

h after a ricin challenge of ~1050 µg·mouse−1. (A) Kaplan-Meier survival plot; (B) mean bodyweight 

changes as a percentage of their own weight at 9 a.m. on day 0; and (C) mean accumulative scores of 

signs of ricin intoxication (Table S1). 
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A further study was performed to test the efficacy of the despeciated F(ab’)2 antitoxin compared 

to the parent IgG antibody against a lethal (LD99) oral challenge of ricin. Both antitoxins were 

administered intravenously 3 h after oral gavage of ricin (i.e., the time point that provided the greatest 

protection from orally administered ricin in the therapeutic window study). The potencies of both 

the whole IgG and the despeciated antibody were determined as previously described [15] to be 9.8 

and 9.4 U·mg−1 respectively. Each antitoxin was evaluated at two doses, the F(ab’)2 at 2.5 mg·mouse−1, 

consistent with the previous protection studies, and at a higher dose of 5.0 mg·mouse−1 (24 and 47 

U·mouse−1 respectively) to examine whether the dose of antitoxin had an effect on survival. The whole 

IgG parent molecule was delivered at 2.9 and 5.7 mg·mouse−1 (28 and 57 U·mouse−1, respectively) 

dosages in order to take into account the different molecular weights and neutralizing ratios of the 

antibodies. The administration of either antitoxin provided a significant survival benefit compared 

to untreated mice reducing mortality and delaying time to death after a ricin oral challenge (Figure 

4A). The final survival rates seen for each group of mice were 44 and 33% following dosing with 

F(ab’)2 at 2.5 and 5.0 mg·mouse−1, respectively. For the groups receiving whole IgG at 2.9 and 5.7 

mg·mouse−1, 89 and 80% was observed, respectively, after fourteen days of monitoring. There was no 

further advantage to increasing the dosage of the whole IgG or the F(ab’)2 antitoxin (p = < 0.05, Log-

rank Mantel-Cox test). There was a significant difference in the degree of protection between the 

antitoxins IgG and F(ab’)2 with better protection seen in mice given the whole parent IgG (p < 0.04, 

Log-rank Mantel-Cox test). Weight loss profiles of mice showed that there was a similar response in 

mice given each antitoxin with a mean weight loss of less than 20%, except for the F(ab’)2 at 5.0 

mg·mouse−1 where the mean weight loss was nearly 30% by day 8 (Figure 4B). Signs of intoxication 

showed dose dependence with a recovery of survivors by Day 14 (Figure 4C). 
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Figure 4. Comparison of the protective efficacy of anti-ricin toxin F(ab’)2 and the parent IgG polyclonal 

antibodies following the oral intoxication of mice. Both antibodies were administered to mice via the 

intravenous route (i.v.) 3 h after a lethal (LD99) ricin challenge. (A) Kaplan-Meier survival plot; (B) 

mean bodyweight changes as a percentage of their own weight at 9 a.m. on day 0; and (C) mean 

cumulative scores of signs of ricin intoxication (Table S1). 
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3. Discussion 

The common route of exposure to ricin in humans and animals is through the ingestion of the 

toxin either accidentally (e.g., consumption of castor beans containing ricin) or intentionally (e.g., 

suicide) [8,11]. Therefore, therapeutic approaches that offer any protection from the action of the toxin 

are required as at present only supportive and/or palliative care can be offered following intoxication. 

We have previously shown that an ovine-derived F(ab’)2 antitoxin was effective at preventing 

mortality and morbidity when given up to 30 h after a lethal inhaled ricin exposure [15]. Here, for the 

first time, we demonstrate the protective efficacy that the post-exposure administration of a single 

bolus of an antibody-based antitoxin can offer from oral ricin intoxication. We have developed and 

characterised a lethal murine oral model of ricin intoxication to assess the efficacy of a despeciated 

F(ab’)2 antitoxin. When administered to mice 3 h after a lethal ricin challenge the F(ab’)2 antitoxin and 

the whole IgG parent molecule delayed times to death and statistically significant improvements in 

survival rates, compared to the untreated control mice (all of which succumbed to the toxin within 

48 h), were observed. In addition, the surviving mice had no, or mild, visible signs of intoxication 

and had regained body weight to within 10% of their starting weight by day 14, suggesting effective 

recovery following ricin intoxication. 

In order to test the efficacy of the antitoxin, we developed and characterised a reproducible lethal 

mouse model of oral ricin intoxication. Previous studies have highlighted that the administration of 

purified toxin or castor bean extracts using liquid oral administration have lower toxicity values 

and/or have inconsistent lethality data from experimental models [13,21–23]. Our model—involving 

oral gavage of purified ricin to empty or near empty gastrointestinal tracts—represents the most 

stringent test of the efficacy of a therapy and the worst case scenario from a clinical perspective; 

demonstrated by the significant increases in small and large intestine wet weights relative to control 

animals. 

Historically, food withdrawal periods reported in the open literature range between a period of 

4 h to overnight [13,21–23] for in vivo studies using mice where food withdrawal is required prior to 

oral ricin gavage. Smallshaw et al. [13] reported that not withdrawing food prior to oral gavage 

dosing led to inconsistencies in ricin toxicity values. This was attributed to presence of food in the 

stomach of the mice (in variable amounts) increasing the absorption of ricin into the food contents in 

the stomach, thereby reducing the toxicity. To achieve consistent data, Smallshaw et al. [13] 

developed a model where food was withdrawn 20 h prior to ricin oral gavage, with food not returned 

until 4 h after ricin oral gavage. In an effort to further build upon this model, we examined the effect 

of the time of food deprivation on the gastrointestinal tract to minimise the variability of the stomach 

contents in mice (over an 11 h time period) prior to ricin oral gavage. The ricin administration time 

point of 8 h after food withdrawal was selected as a suitable refinement compared to the previous 

literature for oral gavage [13]. It included a further 2 h food withdrawal period after toxin 

administration to allow time for ricin absorption within the gastrointestinal tract and was considered 

a refinement over previous models due to the limitation of adverse behaviours. 

In the murine model of ricin intoxication developed here, the LD50 was 21.5 mg·kg−1 and the LD99 

was 52.5 mg·kg−1 (assuming a 20 g body weight). These values are similar to the previously published 

oral toxicity data for ricin in various strains of mice, which ranged between 7.5 and 20 mg·kg−1 [21–

23]. Interestingly, these toxicity data differed significantly from those achieved in studies by 

Smallshaw et al. who reported an LD50 of only 10 µg·kg−1 [13] in Swiss-Webster mice following 20 h 

food withdrawal. This difference is unlikely to be due to the strain of mouse used as Alyssa et al. has 

determined an LD50 of 9.4 mg·kg−1 in the same strain [21]. The small differences between our data and 

previous literature estimates of toxicity [21–23] are likely due to the strain and sex of mouse used, the 

length of time for the removal of food (and water), and ricin cultivar used and differences in humane 

endpoints between studies.  

In our ricin oral gavage studies, the survival and signs of intoxication were dose-dependent, 

with increasing signs of morbidity (i.e., degree of piloerection, abdominal pinching and reduction in 

mobility), and a reduction in times to humane endpoint (or succumbing to the effects of the toxin) 

with increasing ricin doses. Other observed signs of intoxication included laboured breathing and 
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diarrhoea, similar to those seen following an inhaled exposure to ricin [15]. Interestingly, in these 

studies the stomach was largely filled with food, suggesting damage to the stomach pylorus thereby 

inhibiting food transit through the gastrointestinal tract. In addition, the small intestine appeared 

reddened and fluid filled and the wet weight of the small intestine plus the stomach was 

approximately double that of a food withdrawn control administered PBS by oral gavage. Mice were 

also observed to have swollen abdomens within 24 h of exposure to ricin oral gavage, which upon 

post mortem was found to contain red fluid (data not shown). These route-specific observations align 

to those seen by Alyssa et al. [21] and indicate vascular leakage as a result of lethal vascular collapse 

or distributive shock. Alyssa et al. [21] also reported that tracking the movement of a lethal dose of 

ricin over time found that it was routed via the kidneys and damage to the intestines was minimal. 

Similar symptoms of poisoning are seen in man following oral ricin ingestion, including vomiting, 

abdominal pain, hypotension, tachycardia, bloody diarrhoea progressing to substantial 

gastrointestinal fluid loss progressing to renal failure and death [10]. 

The ricin antitoxins evaluated here are a despeciated (F(ab’)2) ovine polyclonal antibody and its 

parent IgG. As a mixed population of molecules, polyclonal antibodies have the potential to bind to 

multiple epitopes on the surface of ricin. Therefore, the antitoxin investigated here may bind to 

multiple regions on the toxin involved in cellular binding, uptake, trafficking and/or catalytic activity 

[15]. They were able to decrease the signs of oral ricin intoxication and reduce mortality in mice when 

they were given up to 3 h after ricin exposure. An extended time to death was seen in the majority of 

mice given antitoxin and partial protection of 44 and 75% was obtained for mice administered 

antitoxin after 1 and 3 h, respectively. Treatment with the antitoxin after 5 h led to a poorer outcome 

with greater weight loss and visible signs of intoxication and only one of the nine challenged mice 

surviving to the end of the study. For comparison, the therapeutic window for the treatment of an 

inhaled (3 × LCt50/21.54 mg·min·m−3) ricin challenge with the same ricin antitoxin was 24 h with full 

protection seen at the dose of 2.5 mg·mouse−1 [15]. One explanation for the shorter therapeutic 

window seen here could be the route of exposure and the different toxico-kinetics and -dynamics of 

ricin when mice are challenged via oral administration. For example, differences in the kinetics of 

exposure of key target organs, compared to inhalation exposure, may limit the window of 

opportunity for the effective neutralisation of ricin toxicity by the antitoxin. Protection would also be 

related to pharmacokinetics and the time of administration of the antitoxin, with these having to 

correspond to the absorption, distribution and cellular uptake of the ricin in order to enable the 

effective neutralisation of ricin toxicity. Whole IgG molecules have previously been demonstrated to 

have a longer residence time in circulation than a F(ab’)2 antibody fragment in mice [24,25]. The anti-

ricin IgG should therefore be present for longer in the blood which would contribute to higher 

protection afforded from ricin intoxication. A further study was therefore performed to compare 

protection afforded by the F(ab’)2 antitoxin and its parent anti-ricin IgG which appears to support this 

hypothesis. It was found that there was significant improvement in protection afforded when the 

parent IgG was given rather than the F(ab’)2 antitoxin. Thus, the ricin F(ab’)2 antitoxin may not 

maintain sufficiently high concentrations in the blood for long enough periods of time to provide 

protection. However, in addition to their pharmacokinetic properties, antitoxin fragments may also 

be “despeciated” by the removal of the Fc portion of the IgG molecule. It is this part of the molecule 

that tends to be recognised as foreign and elicits host immune responses against the antibody. This 

host immune response can result in immediate adverse reactions following a single exposure 

(anaphylactoid) or anaphylactic reactions on subsequent (i.e., repeat) antitoxin administration [24,25]. 

The investigation of the formulation, route (e.g., encapsulation of the antibody and oral delivery) 

or duration (e.g., infusion rather than a bolus) of antitoxin delivery may further enhance the 

effectiveness of this therapy, ensuring the timely neutralisation of the toxin either within the 

gastrointestinal tract or over a longer period of time within the blood supply respectively. The 

confirmation of these hypotheses, however, would require additional toxicokinetic and 

pharmacokinetic studies. 

Recent cases of human oral ricin ingestion have occurred as a result of either accidental 

poisonings or suicide attempts [8,10]. Collectively, from the research presented here, we 
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demonstrated that neutralising antibodies or antibody fragments can reduce the effects of lethal oral 

ricin toxicity when administered shortly after intoxication. Protection was afforded despite our model 

representing the worst case scenario for intoxication (i.e., ricin exposure within an empty GI tract). 

Therefore, protection might be improved by either the early or multiple administrations of antitoxin 

in man alongside other supportive therapies. Ultimately, this work demonstrated, for the first time, 

that a single bolus of antibody therapy provided in a post-exposure context can still provide 

protection to mice from a lethal oral ricin intoxication.  

4. Materials and Methods 

4.1. Ricin Toxin 

Ricin toxin was prepared from the seeds of Ricinus zanzibariensis using the method described 

previously [15]. Briefly, seeds were de-husked and the soft seed matter was homogenised in aqueous 

medium. The oil was removed and the material partially clarified by centrifugation, with final 

purification achieved using chromatography methods. Due to the relatively low oral toxicity of ricin, 

material prepared as described above required the concentration to achieve appropriate dose 

volumes. Two batches were concentrated for these studies using SartoriusTM Vivapore concentrators 

(7.5 KDa cut-off) (Thermo Fisher Scientific, Loughborough, UK) to give a final concentrations of 15 

mg·mL−1 and 20.8 mg·mL−1 in phosphate buffered saline (PBS) pH 7.0–7.2 (Gibco, Thermo Fisher 

Scientific, Loughborough, UK). The toxin was aliquoted into smaller single use volumes (1000 µL) 

and stored at −80 C. The ricin purity was > 95% when assessed by SDS-PAGE and the quantification 

of Coomassie staining the gel (both Sigma Aldrich, Poole, UK). Prior to being used in oral efficacy 

studies, the toxicity of the concentrated ricin preparations was confirmed and compared to parent 

material using the in vitro cell cytotoxicity method described previously [15]. 

4.2. Preparation of Ricin Antitoxins 

Ovine anti-ricin polyclonal F(ab’)2 was produced as previously described [15]. A polyclonal IgG 

from which the F(ab’)2 was prepared was also used in these studies. Briefly, sheep were immunised 

using ricin toxoid produced from the same ricin cultivar. Sheep plasma (weeks 32 and 34) was 

collected and further processed to yield polyclonal IgG. The purification and despeciation of the 

whole antitoxin was performed using pepsin digestion (Sigma Aldrich, Poole, UK) and antitoxins 

freeze dried for storage. 

4.3. Animal Husbandry 

Age-matched female Balb/c mice (6–7 weeks old; Charles River Laboratories Ltd., Margate, Kent, 

UK) were used in all in vivo studies. Balb/c mice were used for practical, handling and behavioural 

reasons and female mice were used to avoid conflict between cage-mates. In addition, this approach 

maintained consistency with previously published studies in mice that assessed this antitoxin [15]. 
On receipt, the mice were habituated to the experimental animal unit for 5 days prior to use in the 

studies. All work was conducted in accordance with the Animals (Scientific) Procedures Act (ASPA), 

1986 under project licence 30/3000 (Development of Medical Countermeasures for Licensure) using 

protocols 6 (LD50 determination/toxin maintenance) and 3 (Efficacy testing of antitoxins). The Dstl 

Animal Welfare Ethical Review Board (AWERB) process was followed. 

Mice were housed in rooms maintained at 21 (±2 °C) on a 12/12 h dawn to dusk cycle. Humidity 

was maintained at 55 (±10%) with airflow of 15–18 changes per hour and the mice were given food 

and water ab libitum except when food was withdrawn during studies. Mice were fed a standard 

pelleted Teklad TRM 19% protein irradiated diet (Harlan Teklad, Bicester, UK). Mice were housed in 

groups of up to 10 mice. 
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4.4. Minimisation of Variability after Oral Gavage into the Digestive Tract 

All time points selected for food withdrawal/fasting were below the T = 16 h threshold for a 

licensable procedure under ASPA 1986, and shorter than other published methods [26–30]. These 

studies were necessary to ensure an ethical and robust food withdrawal protocol for use in all studies, 

allowing for a reproducible gut content volume prior to ricin oral gavage dosing for both LD50 oral 

toxicity and subsequent antitoxin efficacy studies. Groups of adult female Balb/c mice (17–21 g 

weight) (n = 10–20 per group) were permitted water ad libitum but deprived of food starting during 

their active dark phase (from 4 a.m., effective time T = 0 h). Mice were placed in clean cages, their 

body weight recorded and food withdrawn under nocturnal lighting so as not to disturb the animals’ 

biorhythm [31,32]. Group sizes of n = 10–20 were used following statistical advice from previous ricin 

toxicity sighting studies that had been undertaken (data not shown). Mice were culled by cervical 

dislocation at specific time points after food withdrawal (T = 4, 6, 8, 10 and 11 h) to allow the 

determination of stomach content and weight, small and large intestine weights, and the 

determination of the clearance time for gut digesta from the stomach. All mice were monitored for 

adverse behavioural signs during the course of the experiment to ensure their wellbeing. A time 

period of 8 h was chosen between food withdrawal and ricin dosing with a further 2 h after dosing 

before food was returned, giving a total of 10 h food withdrawal. 

4.5. Lethal Oral Model of Ricin Intoxication  

In order to orally administer ricin in solution to the mice, a disposable straight stainless steel 

gavage cannula (Harvard Apparatus IMS Ltd., Cambridge, UK) (25 mm × 20 g) was used in 

conjunction with a 1 mL Luer lock syringe (Becton Dickinson, Swindon, UK). One gavage cannula 

and syringe was used per mouse. Each mouse was dosed with either ricin (200 µL in D-PBS) or with 

D-PBS as a vehicle control. The gavage cannula was gently introduced into the animal’s mouth and 

carefully passed down the oesophagus to the stomach. The mouse was fully conscious throughout the 

procedure. The mice were observed every 30 min for the 2 h period following ricin dosing and prior 

to the return of food. 

Mice undergoing toxicological and efficacy studies were monitored for signs of ricin intoxication 

and survival for up to 21 days. They were weighed daily at 9 a.m. and a range of observed signs of 

ricin intoxication were recorded twice daily (9 a.m. and 3 p.m.). These included piloerection, degree 

of abdominal pinching and changes in mobility, which were scored according to a graded scoring 

system (Table S1). A cumulative score based on piloerection (1–3) and abdominal pinching (1–3) was 

used in the figures. Once a score of 6 (score = 3 for piloerection; score of 3 for abdominal pinching) 

had been reached a reduction in mobility was added to the piloerection scores (score of 7) and used 

as the endpoint (score of 8).  

4.6. Determination of Oral Toxicity of Ricin in Mice  

Four independent studies using up to 10 mice per ricin challenge dose were performed to determine 

the LD50 of orally administered ricin. Food was withdrawn 8 h prior to ricin dosing. The ricin was 

administered by oral gavage and mice were monitored for 14 days. Each LD50 study was performed on a 

separate day using data from the first study to direct the dose selection for studies 2–4.  

4.7. Confirmation of Ricin Challenge Dose for Use in Antitoxin Efficacy Studies 

Groups of up to 10 mice were dosed by oral gavage with either the LD99 ricin dose or D-PBS 

buffer (vehicle control) 8 h after food withdrawal. Food was returned 2 h after ricin administration. 

The mice in one ricin group were monitored until they met the humane end point or died. Mice in a 

second group were killed by cervical dislocation at 24 h and a post mortem examination performed 

with the wet weights of the key organs measured. 
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4.8. Efficacy of Ricin Antitoxins against Lethal Oral Ricin Challenge 

The window of opportunity of the ricin antitoxin F(ab’)2 polyclonal antibody was evaluated 

using groups of up to 10 mice at 1, 3 and 5 h following an LD99 dose of ricin, administered by the oral 

route. A subsequent efficacy study was performed to determine the efficacy of the antitoxin, both the 

parent IgG and the F(ab’)2 antitoxin in groups of up to 10 mice at 3 h following an LD99 dose of ricin. 

In both studies, the antitoxins were administered by an intravenous (i.v.) injection (100 µL·mouse−1) 

into a tail vein. For window of opportunity studies, F(ab’)2 antitoxin was administered at a dose of 

2.5 mg·mouse−1. For the subsequent efficacy study, the parent IgG was given at doses of either 2.9 or 

5.7 mg·mouse−1 with the despeciated antitoxin given at doses of 2.5 or 5.0 mg·mouse−1. The mice were 

monitored for up to 21 days after exposure. For negative controls, antitoxin vehicle (D-PBS) was 

administered i.v. 1 h following either a ricin or D-PBS oral challenge, respectively. All mice were 

weighed daily after exposure to orally administered ricin and visible signs of intoxication monitored 

at least twice daily. 

4.9. Data and Statistical Analysis  

The LD50 and LD99 for orally administered ricin intoxication were determined using the Probit 

analysis of the dose-response data with MiniTab v 17.0 (Coventry, UK). Data from these experiments 

were normalised to the control prior to the analysis. The replicates for each LD50 determination were 

pooled for final analysis. The equality of the toxicity curves was determined using a regression model 

with a comparison of the coefficients of each slope using a chi square test. For signs of intoxication, 

scores were generated on an accumulative basis for degrees of piloerection and abdominal pinching 

(Table S1) and survival, weights and signs were presented using GraphPad Prism for Windows v 8.0 

(San Diego, CA, USA). A Log Rank (Mantel-Cox) test was performed to determine the significance 

between treatment groups in a window of opportunity and efficacy studies. 

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/12/12/784/s1, Figure 

S1: Determination of organ wet weights and distance from stomach to digesta following period of food 

withdrawal: (A) position of digesta in the small intestine; (B) stomach wet weight as a percentage of mouse 

weight at T = 0; (C) large and (D) small intestine wet weights following time culls post food withdrawal in female 

Balb/c mice; control groups of mice (+ food) did not have food withdrawn prior to cull (data are shown as mean 

± SD, n = 10–20); Table S1: Scoring of observable signs of ricin intoxication in the mouse. Signs of intoxication 

including piloerection and immobility, and abdominal pinching, were scored according to the descriptions in 

the tables. For the numerical scores recorded in the main figures, the sum of the piloerection and mobility and 

the abdominal pinching scores was used. Animals reaching a score of 5 on the piloerection and mobility scale 

were humanely killed (euthanised by a schedule 1 method). 
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