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Abstract
The de-extinction of the dinosaur is a dubious possibility but its consideration brings forth some issues that are at least worthy of
scientific discussion. In this review, we discuss two distinct issues that have implications for a de-extinct species such as a dinosaur:
the ability, or lack thereof, to safely sedate a rare and potentially fractious animal capable of harming the veterinary staff tasked
with its care; and, disease risks associated with a species that has been extinct for millions of years. To identify potential sedatives,
comparative pharmacology will be needed to uncover the links between receptor pharmacology and the desired clinical outcomes
of activating established alpha-2 adrenergic, opioid, and benzodiazepine receptors. Specific to disease control, it will be necessary to
understand the unique susceptibility of the new species to current diseases as well as predicting their reservoir capacity for potential
human and veterinary pandemic diseases. While the topics presented herein are not exhaustive, this review highlights some of the
foremost research that should be conducted in order to serve the unique veterinary needs of a de-extinct species using the dinosaur as
a paradigm. Addressing these issues should be considered if an intact dinosaur genome becomes available, regardless of the feasibility
of dinosaur resurrection.
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Introduction
Specimens from the fossil record have captivated generations of mankind. Advances in molecular technologies have enabled
the recent cloning-based resurrection of an extinct species (the Pyrenean ibex) as well as providing the theoretical framework
for re-creating the woolly mammoth [1]. While the return of dinosaurs is highly debatable, attempts to do so come with great
responsibility [2]. A plethora of issues should be considered if an intact genome becomes available, even if it is just an academic
exercise. Beyond the bioethics of the de-extinction of any species, there are significant concerns regarding dinosaur veterinary
needs that range from analgesia, anesthesia, and euthanasia through the mollification of zoonotic and dinosaur-specific diseases.
It is prudent to perform explicit investigations aimed to interrogate potential pharmacologic agents used to control fractious
or intractable dinosaurs. A comparative pharmacologic approach will need to be employed, using the current understanding of
tranquilizers, sedatives, and narcotics across extant species in order to understand the potential applications to extinct species [3].
Specifically, a comparative approach should be used to identify evolutionarily conserved motifs in the cognate receptors for drugs
such as alpha-2-adrenergic agonists, benzodiazepine receptor agonists, and opioid receptor agonists.
The conceivable threat of zoonosis and endemic diseases should also be carefully considered, as the epidemiological impact of
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de-extinction of dinosaurs could generate globally catastrophic consequences. For example, the American alligator, which has
remained relatively unchanged since prehistoric times, serves as a potent amplifier of the West Nile virus that causes a zoonotic
encephalopathy of humans [4]. In the same manner, dinosaurs could serve as vectors of both known, as in the case of the American
alligator, and unknown infectious diseases [5]. A stringent comparative approach should be considered for screening potential
global health issues that could ensue upon the return of the dinosaurs.
Furthermore, certain modern-day diseases could present severe health threats to species reversed from extinction. This issue is all
the more concerning given the lack of genetic diversity in clonally de-extinct dinosaurs which may result in greater susceptibility to
infectious diseases [6]. Heightened risks of disease faced by dinosaurs could be both pre-historic diseases that have analogs in the
modern era and modern diseases that are not part of the fossil record [7-9]. Due diligence would dictate that modern-day diseases
must be rigorously vetted before attempting to bring back the dinosaur.
The purpose of this review is to outline some lines of research to be investigated in consideration of the de-extinction process using
the dinosaur as the paradigm. That is, we are not advocating such an endeavor but we recognize the possibility and propose new
fields of study that could be dubbed as “paleopharmacology” and “paleoepidemiology”. The goal of this review is to merely elucidate
some of the crucial information to be acquired in the advent of the discovery or artificial creation of an intact dinosaur genome.

Alpha-2 Adrenergic Receptors in the De-extinct Species
Alpha-2 adrenoreceptor agonists (or α2-agonists), including xylazine, romifidine, (dex) medetomidine, and detomidine, are widely
used sedatives in veterinary species [10]. A significant advantage of this drug group is the reversibility of sedation by specific
α2-antagonists (e.g., yohimbine and atipamezole), allowing for a more rapid recovery and prevention of the potentially fatal
cardiovascular side effects of α2-agonists [3,10]. However, the depth of sedation and side effects varies across species and members
of the drug class. This variability is especially relevant to dinosaurs given the inconsistent sedative effects across birds and reptiles
[11]. The rapid onset and reversibility of these drugs underscore the relevance of investigating their properties in a new species.
Molecular studies indicate that α2 receptors primarily consist of three homologous subtypes: α2A, α2B, and α2C [10]. Speciesspecific variations in subtypes of receptors and anatomical loci could explain varying degrees of sedation and adverse effects across
veterinary species [3,11-14]. For instance, intramuscular medetomidine does not fully immobilize pigeons and Amazon parrots but
can induce surgical anesthesia in some reptiles whereas xylazine appears to be efficacious across birds and reptiles [15-17]. Likely
these diverging responses are based on α2 receptor amino acid sequence heterogeneity that dictate agonist/antagonist affinities
for the receptor and the resulting signal transduction events that mediate the clinical effects of the drugs [18]. Therefore, it will be
imperative to interrogate these molecular parameters for the dinosaur α2 adrenergic receptor. Addressing this issue may involve
comparative pharmacologic studies involving heterologous expression systems in which all of the known α2 adrenergic receptors
are examined for agonist and antagonist activities, i.e., binding affinities and signal-transducing capabilities. These data will need
to be concatenated and compared to data obtained from similar assays with the predicted dinosaur α2 adrenergic receptor [3,12].
These molecular findings will need to be compared to established clinical outcomes in mammalian, avian, and reptilian species.
Given the species-specific heterogeneity of α2 adrenergic receptors and possible fatal adverse effects of α2-agonists, their use in
dinosaurs should be preceded by a comprehensive and comparative assessment of receptor-specific responses to various drugs. The
heterologous expression studies will allow for the correlation of clinical outcomes with molecular pharmacologic responses, and
similarities therein will provide the basis for selecting the optimal pairing of an agonist and antagonist.

Opioid Receptors in the De-extinct Species
Opioids such as morphine, methadone, fentanyl, and carfentanil are primarily used for their analgesic and sedative properties,
with established efficacies for tranquilizing large fractious animals such as bison, lions, and ostriches [10,19-21]. For these reasons,
opioids would be candidate drugs for use in a large de-extinction species revived in an unfamiliar environment; however, the
effects of opioids in non-mammalian species are not well understood. A specific clinical example is the finding that opioids can
cause hyperalgesia rather than hypoalgesia, as exemplified by the use of morphine and codeine in chicks [22]. This discrepant
effect underscores the unpredictability of opioids in non-mammalian species and thus the need to delineate their effects outside
of mammals.
In vertebrate species, opioids bind mu, kappa, and delta opioid receptors whereby mu receptors are most commonly implicated
in analgesia and sedation [23]. Although non-mammalian species possess the same three types of opioid receptors as mammals,
large differences exist between these two groups in the binding affinities of selective opioid receptor agonists [24]. The amino-acid
sequence of opioid receptors is key information that must be acquired from the new species and compared to opioid receptors in
contemporary species with known binding affinities to useful agonists. It should be noted, however, that the complete genomic
and proteomic sequences of the main three opioid receptor types are not currently available for reptiles and avian species which is
necessary for a comparative pharmacology approach [24]. Bioinformatic approaches, like that used for occult G protein-coupled
receptors in invertebrates, could help to uncover these receptor sequences [25].
Interrogating the drug-receptor interactions is especially relevant given the new information about opioid receptor agonists whose
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effects are not consistently reversed by the traditional opioid receptor antagonist naloxone [24]. Acrylfentanyl and oxymorphazone
are synthetic opioid receptor agonists displaying such characteristics, underscoring the importance of fully understanding the
reversibility of these sedatives in order to insure the safety of the animals and handlers [26,27].

Benzodiazepine Receptors in the De-extinct Species
Benzodiazepines are a class of sedatives that act as allosteric modulators of GABAA receptors; these receptors are highly expressed
in the cortex, thalamus and cerebellum which make them an ideal target for tranquilization [28]. Drugs such as alprazolam,
lorazepam, midazolam, and diazepam could be investigated with similar comparative pharmacology methodologies as with
those suggested for drugs targeting alpha-2 adrenergic receptors and opioid receptors. Midazolam is the only benzodiazepine
in which comparative pharmacologic data is available- this drug yields appropriate sedation when used intranasally in parrots
and intramuscularly in crocodiles, suggesting that this drug might be of consideration for a de-extinct species with avian and/or
reptilian characteristics [29,30]. Similar to previous sections herein, identification of the amino acid sequence of GABAA receptors,
specifically the motifs determining benzodiazepine binding, is critical for our understanding of how these drugs will work in a
new species [3,12,31]. Binding affinities, concentration analyses, as well as the effect on GABAA receptors should be studied to be
adequately prepared for use of these agents.
In conclusion, it is crucial that we find safe and effective drugs for sedation and reversal in a de-extinct species that is large and has
great potential to be fractious. The classes of drugs listed in this review were deemed the most appropriate for this purpose, but we
acknowledge that other receptor types could be explored.

Pandemic Diseases that could be instigated by a New Species
A topic that should be addressed when discussing the resurrection of a long-extinct species is the disease risks to other animals,
including humans. Dinosaurs are likely to exhibit attributes of both avian and reptilian physiology, and as such, they may be
reservoirs and/or amplifiers of several diseases with pandemic potential [4]. For example, birds have been established as hosts for
West Nile virus and both alligators and crocodiles have been shown to maintain and amplify this virus [4]. Another zoonotic virus
with potential pandemic considerations is the influenza virus, as numerous avian species have been implicated in the transmission
of H5N1 [32]. Both of these viruses have the potential to cause widespread diseases with high morbidities and mortalities if the
resurrected species were to be effective hosts.
In addition to viral diseases, several pervasive zoonotic bacterial agents could be propagated through the new species. Salmonella
spp., a commensal organism in poultry and reptiles, is a common pathogen that represents a significant biohazard to humans
[33,34]. A recent outbreak of human salmonellosis originating from a “no-contact” Komodo dragon exhibit at a Colorado zoo
serves as a theoretical basis of the risk for individuals interacting with new species in the absence of direct contact with the animal
[35]. Additionally, zoonotic transmission of pathogens such as Aeromonas spp., Campylobacter spp., and Mycobacterium spp. has
all been linked to reptiles [5]. Pathogenesis and host response pathways, especially the host proteins targeted and/or exploited by
pathogens, are not fully known for all of the aforementioned pathogens. Uncovering these host-pathogen interactions will provide
a better understanding of common pathogens in avian and reptilian species, which will be of great importance in order to predict
the results of such infections in a new species such as a resurrected dinosaur that has both avian an reptilian characteristics.
The process of removing nuclear DNA from a preserved dinosaur cell for replication and cloning presents the risk of replicating
endogenous retroviral DNA that may be embedded within the utilized genome. The result of this retroviral integration is known
to cause a myriad of clinical diseases, including immunosuppression and neoplasia, in current mammalian, avian, and reptilian
species [36]. A mammalian example is Dolly the cloned sheep who died from retroviral-associated pulmonary adenocarcinoma
[37]. As we cannot fully predict the impact of replicating non-dinosaur DNA in the cloning process, strict biosecurity must be
practiced in facilities undertaking these cloning projects to mitigate potential disasters.
Potential infectious and zoonotic diseases from modern-day species must be vetted for the theoretical role that a new species may
have as an index patient for a pandemic. Understanding which pathogens could utilize the new species as hosts will dictate research
into vaccines and prophylactic measures for preventing endemic diseases before any outbreaks occur.

Diseases that the New Species could be Susceptible to
In theory, there are multiple pathogens that could present risks to a de-extinct species. These concerns are supported by evidence in
the fossil record, along with established susceptibilities in related modern-day species, indicating that dinosaurs were susceptible to
an array of pathogens. Agents of concern will be protozoa, nematodes, fungi, bacteria, and viruses. Further complicating this issue
will be the lack of genetic diversity in the resurrected population.
Parasitic organisms are among the multiple disease-causing agents that could pose challenges to a resurrected dinosaur. The Tuatara
(Sphenodon punctatus), a protected reptile in New Zealand unchanged since the time of the dinosaurs, is susceptible to potentially
life-threatening anemia from the tick-vectored apicomplexan blood parasite Hepatozoon tuatarae [38]. There are species of ticks
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that have fed on reptiles for over 250 million years, but the relationship with dinosaurs is not established [39]. Nonetheless, the
distinct possibility of this relationship is of concern for the health of dinosaurs.
Ascarids have been found in 240 million-year-old fossilized feces and nematode signatures have been identified in fossilized
intestinal contents obtained from a dinosaur [40,41]. Additionally, trematodes and cestodes have been identified in fossilized
dinosaur feces [41,42]. Modern-day birds and reptiles are frequently parasitized by the whole cadre of gastrointestinal parasites and
thus it is very likely that dinosaurs would be susceptible [43]. Further complicating this problem is anthelmintic resistance and the
finding that ivermectin, the single most important veterinary anthelmintic, is toxic to some reptiles [44].
Several current-day fungal pathogens may also present a significant disease risk to dinosaurs. Cold-blooded species are often at a
greater risk for mycoses as lower body temperatures can facilitate mycotic replication and several modern fungal pathogens will
likely present a serious risk to resurrected dinosaurs [45]. One theory contributing to the mass extinction of dinosaurs is that a
widespread fungal agent disseminated after massive sporulation following a deforestation event, leading to a significant selection
pressure favoring endothermic species such as birds and mammals whose basal body temperatures often prevent the replication
of certain fungal agents [45]. Cryptococcus neoformans, in particular, has been implicated in the death of the dinosaur and is still a
pathogen of concern today [45].
The lack of genetic diversity within the resurrected dinosaur population will likely increase their susceptibility to contemporary
diseases, thus hampering their chances of long-term survival [6]. Examples of this issue are the Tasmanian tiger and Tasmanian
devil, both of which have been isolated on an island for hundreds of years [8,46,47]. This increased susceptibility is thought to be due
to a genetic “bottleneck” that reduced T-cell receptor diversity and leukocyte antigens associated with the MHC complex [6]. The
limited genetic diversity in the Tasmanian tiger is thought to underlie its extinction, and this genetic convergence has contributed
to the rapid spread of highly contagious and deadly facial tumors in the Tasmanian devil that is under threat of extinction [8,47].
For the new dinosaur population, a lack of genetic diversity may result in a hyper-susceptibility to pathogens [6,48].
With the exception of an unknown virus encoded in the dinosaur genome, most of the health threats to dinosaurs will be from
current pathogens. Morbidities and mortalities associated with these pathogens will be augmented by the lack of genetic diversity
in the dinosaurs; thus, proactively addressing these problems is critical.

Conclusions
Investigations into many potential pharmacological agents will be necessary to care for dinosaurs if they are ever resurrected,
and the same should be considered for current populations that are seriously endangered and species that have more recently
become extinct (e.g., the dodo bird). Alpha-2-adrenergic receptor agonists, opioids, and benzodiazepines are potential dinosaur
tranquilizers, but further comparative research needs to be performed to establish safety and efficacy in the new species. The risk
of reviving an occult retrovirus or potentiating the spread of an avian, reptilian, or zoonotic disease demands that the new species
should be strictly quarantined to establish disease risk. This quarantine would also serve to protect the new species from endemic
diseases to which they may be susceptible, especially given the low genetic variability of the resurrected population. Comparative
pharmacology, uncovering critical subcomponents of diseases and molecular analyses of prehistoric genomic data will all be
needed to safely revive these creatures.
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