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4-Ipomeanol (IPO1; 1-(3-Furyl)-4-hydroxy-1-pentanone) is a furanoterpenoid toxin
produced by sweet potatoes (Ipomoea batatas) in response to infection by the mold Fusariam
solani (Doster et al., 1978). Cattle that ingest infected sweet potatoes can develop interstitial
pneumonia that is characterized by pulmonary edema and emphysema. Moldy sweet
potatoes have been linked to the death of livestock since 1952 (Monlux et al., 1953),
including recent cases in Wisconsin where 200 steer died (Spoto, 2011) and England, where
six cows died in what is believed to be the first case of IPO toxicity in the UK (Steckel and
Rhodes, 2007). IPO is lethal to cattle in doses as low as 7.5 mg/kg which can be achieved by
ingesting as little as 6 kg of spoiled sweet potatoes (Doster et al., 1978).

IPO is a pulmonary pro-toxin in both rabbits and rats which bioactivate the compound in a
reaction that has been shown to be mediated readily by pulmonary cytochrome P450 4B1
(CYP4B1) (Verschoyle et al., 1993). The present study was undertaken to determine the
ability of bovine lung to bioactivate IPO and to assess involvement of bovine lung CYP4B1
in the activation of IPO to potentially pneumotoxic species. Previous studies to assess in
vitro activation of IPO have relied on the use of radiolabeled substrate and the detection of
protein-bound adducts (Devereux et al., 1982). Here, we use a recently developed in vitro
bioactivation assay for IPO which employs the nucleophilic amino acids N-acetyl-cysteine
(NAC) and N-acetyl-lysine (NAL) to trap a reactive ene-dial intermediate (Figure 1) and
generate a stable IPO adduct which can be detected by LC/MS (Baer et al., 2004).

Microsomes were prepared by differential centrifugation according to previously published
protocols (Guengerich, 1994). Microsomal experiments were conducted in triplicate with
lung and liver microsomes prepared from frozen tissue from single animals as obtained from
the vendors; Pel-Freez Biologicals (Rogers, Arkansas USA) and R&R Research (Stanwood,
WA USA). In vitro bioactivation was assessed by incubating microsomal preparations in
triplicate with IPO (50 µM), potassium phosphate buffer (100 mM pH 7.4), NADPH (1 mM)
and NAC and NAL (20 mM), and subsequently monitoring formation of the adduct shown
in Figure 1 at m/z 353 by LC/MS/MS on a Micromass Quattro II tandem quadrupole mass
spectrometer coupled to a Shimadzu LC system. All metabolic incubations were allowed to
proceed for 30 minutes at 37°C in a shaking water bath. Reactions were terminated by the
addition of an equal volume of ice-cold methanol containing the internal standard,
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furafylline. CYP4 involvement in bioactivation was evaluated with the selective CYP4
ligand, HET0016 (Miyata et al., 2001), an N-aryl formamidoxime that is known to be a
potent inhibitor of CYP4A (Seki et al., 2005) CYP4F (Wang et al., 2006), CYP4V (Nakano
et al., 2009) and CYP4B1 (vide infra) enzymes. To further determine the contribution of
CYP4B1 specifically, towards the activation of IPO, microsomal preparations were
conducted in the presence of goat Anti-CYP4B1 IgG (raised against rabbit CYP4B1) or goat
IgG control as previously described (Serabjit-Singh et al., 1979). The antibody was also
used to visualize the presence of CYP4B protein(s) in pulmonary microsomes by western
blotting at a dilution of 1:5000 and visualized using a donkey Anti-goat IRDye® 800CW
secondary antibody from LI-COR Biosciences (Lincoln, Nebraska USA).

P450 spectral content in cow lung microsomes was 0.09 nmol/mg protein, similar to the
levels observed in rabbit lung of 0.11 nmol/mg. To help put these values in context and to
assess the viability of frozen, stored tissue, we also measured P450 specific contents in our
bovine and rabbit liver microsomes. These latter values, of 0.34 nmol/mg and 0.98 nmol/mg,
respectively, were <50% lower than literature data for freshly prepared liver microsomes
from cattle (Giantin et al., 2008) and rabbits (Robertson et al., 1983). Despite the relatively
low lung P450 contents, cow and rabbit lung microsomes formed the NAC/NAL-IPO adduct
at higher rates than the respective liver microsomes (Figure 2).

Formation of the IPO adduct was NADPH-dependent in all microsomal preparations (not
shown), which is consistent with P450 involvement in the bioactivation process. Figure 3A
depicts inhibition by HET0016 of the NAC/NAL-IPO adduct generated from reconstituted,
purified rabbit CYP4B1. HET0016 was found to be a potent inhibitor of IPO activation with
IC50 values of 37 nM and 23 nM in purified rabbit CYP4B1 and bovine lung microsomes,
respectively. NAC/NAL-IPO adduct formation in both bovine lung and rabbit lung
microsomes was decreased by more than 90% when metabolic reactions contained 300 nM
HET0016 (Figure 3B). This concentration of HET0016 was chosen to maintain CYP4
selectivity, because it is approximately ten times the IC50 value in bovine or rabbit lung, but
is still ten-fold lower than the IC50 towards any mammalian non-CYP4 family enzyme
(Miyata et al., 2001).

To specifically probe for bovine CYP4B involvement in IPO bioactivation, we employed a
polyclonal antibody raised against rabbit CYP4B1. This antibody is monospecific for rabbit
lung CYP4B1 and maximally inhibits lung microsomal CYP4B1-dependent catalysis at a
concentration of 4 mg IgG/mg microsomal protein (Rettie et al., 1995; Serabjit-Singh et al.,
1979). Moreover, the antibody is known to cross-react with pulmonary CYP4B1 from
numerous other animal species including rats, hamsters, mice, guinea pigs and monkeys
(Vanderslice et al., 1987). The protein sequences of bovine CYP4B1 and rabbit CYP4B1 are
also highly related (>80% identical); therefore the antibody raised against rabbit CYP4B1
would be expected to immunochemically cross-react with the bovine ortholog.. NAC/NAL-
IPO adduct formation was reduced by 70% and 85%, respectively in bovine and rabbit lung
microsomes when reactions were pre-incubated with Anti-CYP4B1 IgG compared to control
IgG (Figure 3B). The lower degree of immunoinhibition in bovine lung presumably reflects
the fact that the antibody was raised specifically against the rabbit enzyme. Residual activity
in both rabbit and bovine lung may be due to other pulmonary P450 enzymes, such as
CYP2B4 (Rettie et al., 1995). Indeed, a CYP2B4 ortholog has been detected
immunochemically in bovine lung (Arinc et al., 1995). Importantly, the Anti-CYP4B1
antibody used here detects only a single intense protein band in cow lung microsomes
(Figure 4). Cow lung CYP4B migrates on SDS-PAGE with a higher apparent molecular
weight than rabbit CYP4B1 and appears to be an even more prevalent component of
pulmonary microsomal P450 than the rabbit ortholog. In conclusion, the data presented here
are the first to; i) identify a CYP4B protein in cow lung microsomes, ii) demonstrate a role
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for bovine CYP4B in the bioactivation of IPO, and iii) demonstrate that HET0016 is a
potent, nanomolar inhibitor of the CYP4B1-mediated bioactivation process.

In marked contrast to cow liver microsomes, which were devoid of IPO bioactivation, rabbit
liver microsomal incubations produced substantial levels of the NAC/NAL-IPO adduct
(Figure 2B). However, IPO is not recognized as a liver toxin in either cows or rabbits. This
suggests that rabbit liver microsomes possess either efficient detoxifying mechanisms for the
reactive intermediate and/or Phase II enzyme(s) that effectively compete for the pro-toxin.
Further work is needed to determine what species-selective protective mechanisms are
operative in rabbit liver.

IPO is one of several deadly plant-derived toxins known to lead to acute bovine pulmonary
emphysema and edema. Perilla ketone (1-(3-furyl)-4-methyl-1-pentanone), which is derived
from perilla mint (Perilla frutescens), causes an identical spectrum of symptoms to IPO and
has been called the most dangerous to livestock plant toxin in the southeastern US (Steckel
and Rhodes, 2007; Wilson et al., 1977). The high structural similarity between the two
pulmonary toxins (both are furans substituted at the 3-position with a pentanone moiety)
strongly suggests that perilla mint also may be activated by cow lung CYP4B to form a
reactive ene-dial, as illustrated by the activation pathway for IPO (Figure 1).

Finally, CYP4B1 chemical inhibitors would not be expected to provide an effective
therapeutic approach for treatment of cattle post-ingestion of IPO or perilla ketone, but may
conceivably have promise as prophylactics. IPO poisoning typically occurs when cows are
fed spoiled sweet potatoes, as cases of poisoning arising from ingestion of wild sweet
potatoes are rare. Perilla mint poisoning peaks in late summer/early fall when the
availability of grasses and other forages is decreased. Targeted CYP4B1 inhibition may be
desirable to ranchers who rely on sweet potatoes as part of the herd’s diet or in the
southeastern states at times when grass is in short supply. HET0016 is not ideal in this
regard because it is a broad-spectrum CYP4 inhibitor whose ingestion, if it were to survive
first pass metabolism in vivo and attain significant circulating concentrations in cattle, might
be expected to disrupt important endogenous CYP4A and CYP4F-dependent reactions such
as the generation of 20-HETE (Miyata et al., 2001). Nonetheless, the findings presented here
may prompt additional efforts to determine if HET0016-derived analogs have promise as
veterinary agents for mitigating the susceptibility of at-risk cattle populations to IPO and
perilla ketone toxicosis.
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Figure 1.
P450-mediated 4-ipomeanol activation to the putative reactive ene-dial intermediate and
subsequent reaction with nucleophilic trapping agents NAC and NAL to yield a stable NAC/
NAL-IPO adduct. Formation of this adduct can be monitored by LC/MS and used as an in
vitro marker of 4-ipomeanol bioactivation.
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Figure 2.
Rates of formation of the NAC/NAL-IPO adduct in bovine and rabbit lung and liver
microsomes. The rate of adduct formation in liver microsomes is significantly lower than the
rate of formation in lung microsomes in both bovine and rabbit (p < 0.005; Students t test).
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Figure 3.
In vitro bioactivation of 4-ipomeanol. (A) HET0016 inhibition of IPO-adduct formation by
purified rabbit CYP4B1 with an IC50 of 37 nM. (B) The effect of α-CYP4B1 and 300 nM
HET0016 on the formation of 4-ipomeanol adducts from cow or rabbit lung microsomes.
Activity in the presence of the chemical inhibitor and antibody were significantly lower than
controls from both species (p < 0.005; Students t test).
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Figure 4.
Western blot analysis of CYP4B1 content. Lane 1: Ladder, Lane 2: purified rabbit CYP4B1,
Lane 3: Bovine lung microsomes, Lane 4: Rabbit lung microsomes.
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