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Abstract
Preclinical investigations such as animal modeling make the basis of clinical investigations and subsequently patient care.
Predictive, preventive, and personalized medicine (PPPM) not only highlights a patient-tailored approach by choosing the right
medication, the right dose at the right time point but it as well essentially requires early identification, by the means of complex
and state-of-the-art technologies of unmanifested pathological processes in an individual, in order to deliver targeted prevention
early enough to reverse manifestation of a pathology. Such an approach can be achieved by taking into account clinical,
pathological, environmental, and psychosocial characteristics of the patients or an individual who has a suboptimal health
condition. Inappropriate modeling of chronic and complex disorders, in this context, may diminish the predictive potential
and slow down the development of PPPM and consequently modern healthcare. Therefore, it is the common goal of PPPM
and translational medicine to find the solution for the problem we present in our review. Both, translational medicine and PPPM
in parallel, essentially need accurate surrogates for misleading animal models. This study was therefore undertaken to provide
shreds of evidence against the validity of animal models. Limitations of current animal models and drug development strategies
based on animal modeling have been systematically discussed. Finally, a variety of potential surrogates have been suggested to
change the unfavorable situation in medical research and consequently in healthcare.
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ACS American College of Surgeons
AIDS Acquired immunodeficiency syndrome
AJCC American Joint Committee on Cancer
ALS Amyotrophic lateral sclerosis
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AZT Azidothymidine (now renamed zidovudine, but
still best known by the abbreviation AZT)

CABG Coronary artery bypass grafting
CADD Computer-aided drug design
CF Cystic fibrosis
CHD Coronary heart disease
CUMS Chronic unpredictable mild stress model
CVD Cardiovascular disease
DM Diabetes mellitus
EPMA The European Association for Predictive,

Preventive and Personalised Medicine
EPO Erythropoietin
ER Estrogen receptor
FDA U.S. Food and Drug Administration
HDL-C High-density lipoprotein cholesterol
HER2 Human epidermal growth factor receptor 2
HIV Human immunodeficiency virus
IPF Idiopathic pulmonary fibrosis
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LD50 Lethal dose, 50%, median lethal dose
MI Myocardial infarction
NNND Neurological, neuropsychiatric, and neurode-

generative diseases
OCP Oral Contraceptive
PPPM Predictive, preventive, and personalized

medicine
PR Progesterone receptor
QSAR Quantitative structure activity relationships
RCT Randomized controlled trial
SARS Severe acute respiratory syndrome
SOD-1 Superoxide dismutase 1
TEM Effector memory T cell
TGN1412 Theralizumab (also known as TGN1412, CD28-

SuperMAB, and TAB08), a humanized mono-
clonal antibody that not only binds to, but is a
strong agonist for, the CD28 receptor of the im-
mune system’s T cells

TNM Tumor, nodes, and metastases
TP-43 Transactive response DNA-binding protein 43
X-SCID X-linked severe combined immunodeficiency

Introduction

In order to have a patient-tailored approach, choosing the right
medication, the right dose at the right time point, the standard-
ization and individualization should go hand in hand.
Predictive diagnostics, targeted prevention, and personaliza-
tion of medical services are the main objective of the predic-
tive, preventive, and personalized medicine (PPPM).
Translational medicine was introduced recently to emphasize
the appropriate translation of knowledge from studies at the
bench side to care at the bedside. Economic circumstances and
missing political regulations are among the factors resulting in
the blockage between the bench and bedside; to these, we
should add the applicability of the bench studies as the foun-
dation of clinical investigation and subsequent clinical trials.
In order to efficiently indorse the translational medicine as the
“catalyzer” for the practical implementation of the accumulat-
ed scientific achievements, an appropriate dialogue is essential
between three clusters of “clinician, clinical investigator, and
PPPM relevant professional groups,” “the bench scientists,”
and “industry and policy-makers” [1, 2].

Animal models made a revolution in biomedical research
[3]. Plenty of treatment modalities were developed on the
basis of animal experimentations. Meanwhile, there is an in-
creasing number of failed clinical trials, particularly on chron-
ic and complex diseases that biased from the results of studies
on inappropriate animal models [4, 5]. It is time to ask whether
animal models truly predict human health conditions.

While validity and acceptability of current successful trials
and guidelines are debated in the 21st century because they are

not patient tailored, how could we rely on animal models as an
appropriate predictor of human conditions?

Simplifying a complex system is inevitable to study the
basis of a complex phenomenon. However, simplified models
do not reflect all the properties of complex systems [4, 6].
When an animal model is used as the basis of a clinical trial,
it is needed to mimic the complex properties of the patients.
Otherwise, animal models might be misleading; consequently,
a large number of therapeutic modalities might have lost in
translation [7]. This study was therefore undertaken to provide
shreds of evidence against the validity of animal models. It has
been systematically discussed why the authors believe that it
is time to re-evaluate the validity of animal experimentations.
Although plenty of state-of-the-art disease modeling tech-
niques have been introduced recently, their acceptance and
application in the medical science society are scarce; never-
theless validity of these modern modeling techniques needs
further evaluation as well. There is a gap between bench and
bedside that, unfortunately, has not been appropriately filled
with the animal models. In our contribution, we want to pro-
vide relevant facts which clearly show that translational med-
icine and PPPM need accurate surrogate for misleading ani-
mal models in order to increase the level of the future
healthcare. In this article, we review the knowledge on inap-
propriate modeling of chronic and complex disorders, which
is very important point for the predictive, preventive, and per-
sonalized medicine. The translation medicine in this point has
to deal with this problem in order to support further and
smooth development of PPPM. It is absolutely essential the
experts in all fields of medicine, and beyond, are aware of the
described problems. The predictions in PPPM and potential
preventive actions may very well be compromised if inappro-
priate modeling is being widely used in numerous cases,
let alone the creation of personalized models for an individual
patient. There is a great need and potential for fundamental
changes in strategies, leading to substantial improvements in
future healthcare.

Examples of drug development failures

Almost 92% of all drugs found safe and therapeutically effec-
tive in animals fail during clinical trials due to either toxicity
or inefficacy [7–9]. Half of the mere 8% U.S. Food and Drug
Administration (FDA)-approved drugs must later be with-
drawn or relabeled due to severe unexpected side effects [8].

Plenty of significant medical advances have been delayed
due to misleading information derived from animal models.
For instance, dog experiments delayed coronary artery bypass
grafting (CABG) by means of patients’ veins, because dog
studies falsely showed that veins could not be used in clogged
artery segment replacement (bypass) [10]. Similarly, kidney
transplantation is not tolerated in dogs while it has an
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acceptable tolerance in humans [11]. Moreover, the toxic ef-
fects of statins in animals delayed their clinical use in humans
that tolerate them very well [12]. Studies on polio transmis-
sion are among other misleading animal studies that delayed
discovering currently known facts. For example, studies on
monkeys demonstrated that polio transmits via gastrointesti-
nal tract which was wrong [13].

Inappropriate disease modeling using animal models were
responsible for a huge number of failures in the history of
modern medicine, more examples we summarize here as
follows:

Gene therapy: another illusion of scientific revolution

From 1990, only X-linked severe combined immunodeficien-
cy (X-SCID) gene therapy showed near acceptable results; the
other trials failed among several hundred successful gene ther-
apies in animals; however, among ten successfully treated X-
SCID children, three developed leukemia, and one of them
died due to its complications. None of these adverse effects
were predicted by animal experiments and prompted the FDA
to halt several gene therapy programs in the USA [14, 15].
Hemophilia gene therapy programs were also discontinued in
2004 due to perilous complications such as liver damage
which was not predicted in animal studies [15, 16].

Myocardial infarction and stroke: just reading the last
seen is not enough to comprehend a drama

Animal models of myocardial infarction (MI) generally do not
completely mimic the MI process. Although atherosclerosis
models are currently available, MI animal models are usually
surgically mimicked by the clumping-reperfusion process.
Hence, MI is synthesized with no previous hypoxia, no hypo-
perfusion, etc. Actually, acute myocardial infarction is the
final sequence of the atherosclerosis drama as a chronic pro-
cess. In the case of MI modeling, the erythropoietin paradox
certified inappropriate modeling of MI as a complex phenom-
enon [3]. Almost 500 drugs underwent trial for stroke; among
them, only aspirin and early recombinant tissue plasminogen
activator did not fail [17, 18].

Diabetes mellitus: it is not all about the insulin

Operational implementation of PPPM perceptions to diabetes
mellitus (DM) care is due long ago. The EuropeanAssociation
for Predictive, Preventive and PersonalisedMedicine (EPMA)
emphasizes the need to debate the large-scale complex ap-
proach for diabetes care, especially those with comorbid pa-
thologies such as cardiovascular disease (CVD), cancer, and
neurological, neuropsychiatric, and neurodegenerative dis-
eases (NNND) [1, 19, 20].

Streptozotocin-induced diabetes models are one of the
widely used diabetes models [21]. Diabetes is a chronic pro-
cess with several genetic as well as environmental risk factors.
There are several abnormalities in diabetes patients, including
impaired insulin secretion, increased insulin resistance, endo-
thelial dysfunction, increased oxidative stress, and impaired
antioxidant defense system, and all of them occur in a
prolonged period of time [22]. Additionally, diabetes is usu-
ally accompanied by a variety of comorbidities such as obesi-
ty, atherosclerosis, and other. None of the abovementioned
parameters has been reflected in the streptozotocin mouse
model of diabetes. Zucker rats are better examples of DM
which could be replaced; at least, these obese animal models
represent metabolic syndrome, and diabetes occurs after a
period of time in these obese rats [23].

Cancer: we are the underdog, with no doubt

Despite plenty of promising preclinical studies on cancer treat-
ments, roughly 85% of early clinical trials for novel drugs fail,
and only half of the medications that enter phase 3 studies will
become approved for clinical application [7, 8, 24]. Our ef-
forts in the war against cancer were not encouraging in terms
of therapeutic approaches; in fact, it was preventive ap-
proaches that showed promising effects. Genetic, molecular,
cellular, and immunologic differences between models and
human beings made them poor prognostic modalities [4].
False positivity of rodent studies in this case was around
95% [25, 26]. In reality, rodent cancer models is believed to
be invalid and financially indefensible [27]. Only 8% success
rate in the translation of cancer studies has been reported;
actually, 85% of all clinical trials failed before starting phase
3 trials. Among studies which enter phase 3, half of themwere
withdrawn [28, 29]. Only a little number of these studies are
adopted and the others are being withdrawn after sacrificing
their victims [7, 30]. Most of the cancer animal models are
suffering from inappropriate modeling. Inoculation of malig-
nant cells (cell lines) is the most common current method of
malignancy modeling. This model does not reflect the
prolonged complex process of developing a malignancy.
Recently, knocked out animal models and animal models with
special mutations have been introduced [7, 29, 31]; although
these models sufficiently mimic genetic background of malig-
nant tumors, the epigenetic role and the role of environment
were not reflected in these models. Additionally, there are
several probable genotypes for a single phenotype of
malignancy.

For instance, extremely high heterogeneity among breast
tumors is well documented. Hence, Jaak Janssens beautifully
stated the question as: “should we speak about breast cancers
instead of cancer?” [32, 33].

Genomic guidance gradually becomes the standard for di-
agnostics in cancer care [33, 34]. For example, in response to
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the growing knowledge about molecular characteristics of
breast cancer subtypes and the need for personalized approach
to the patients, the American Joint Committee on Cancer
(AJCC) dramatically revised their latest edition (8th edition,
last updated January 25, 2018) of breast cancer staging man-
ual. The 8th edition of the AJCC tumor, node, and metastase
(TNM) breast cancer staging system delivers a flexible plat-
form for prognostic classification based on traditional anatom-
ic factors, which may be modified and enhanced with respect
to patient biomarkers and other prognostic panel data.
Compared to the previous version, a variety of genetic and
molecular factors has been incorporated to the current version,
among them are HER2, estrogen receptor (ER), progesterone
receptor (PR), and also multigene panels such as Oncotype
DX [35, 36]. There is a difference between “silent” carriers
of tumor lesions and patients who are predisposed to disease
development and progression; a “fertile” microenvironment
that supports the tumorigenesis, tumor invasion, and metasta-
sis can distinguish between them. The mechanisms “fertiliz-
ing” the microenvironment for the cancer advancement are
not addressed in animal models but it is very well addressed
by innovative PPPM strategies in cancer [1, 37, 38].

Neuroscience: we are human beings and it is because
of our brains

The complexity of the human brain and behavior makes psy-
chological aspects of neuroscience one of the most challeng-
ing areas of disease modeling.

Depression: it is neither all about men nor about male rats

Depression as a prevalent brain dysfunction in modern society
is a real challenge for physicians and scientists. Stress expo-
sure model, chronic unpredictable mild stress model (CUMS),
maternal deprivation model, sleep deprivation model, and so-
cial defeat, are among the well-known animal models of de-
pression. Almost always, rat and mouse are used to model
depression [39–50]. Forced swimming test, tail suspension
test, open field test, and hot plate test are among the most
known tests of evaluating depression in the previously men-
tionedmodels [50–54]. Although these are creative and decent
models, however, how could someone compare a so-called
depressed male rat behavior and attitude with the depression
in Franz Kafka or Friedrich Nietzsche?

Additionally, depression is different in men and women, in
terms of its perception as well as mechanisms. Furthermore,
post-menopausal depression is catecholamine-dependent,
while depression in women in the productive age is serotonin
prominent. That is why venlafaxine is suitable for elderly
depressed women, and fluoxetine and sertraline have nothing
to do with them but are the drug of choice for depressed men
[51–53]. All these happened since studies on depression were

almost always conducted exclusively on men; unfortunately,
scientists preferred to avoid menstrual cyclic depressions, and
eliminated women, even when raised FDA approval.

Amyotrophic lateral sclerosis: animal models were based
on the rare form of the disease instead of the prevalent form

For years, scientist studied amyotrophic lateral sclerosis
(ALS) misleading model of superoxide dismutase 1 (SOD-1)
which is responsible for only rare cases of ALS instead of
transactive response DNA-binding protein 43 (TDP-43)
which is responsible for the majority of cases. Hence, a large
number of currently failed trials need re-evaluation with new
models of the new gene [55–57]!

HIV: where animal models were completely useless

Unfortunately, there is no acceptable animal model for human
immunodeficiency virus (HIV) and acquired immunodeficiency
syndrome (AIDS) [58]. Until the year 2006, more than fifty
preventive vaccines and over thirty therapeutic vaccines were
showed successful against HIV and AIDS in primate studies;
regrettably all of them has failed in human clinical trials. Both
efficacy and toxicity of current known treatments forHIV such as
zidovudine (AZT), lamivudine (3TC), and protease inhibitors are
the results of in vitro studies using human white blood cells [59].

Genetic diseases

Although called “genetic disease,” they are also the conse-
quence of interactions between the defected gene(s), and other
genes, and also the environment, that is why so many of an-
imal models failed to mimic phenotype of genetic disorders;
for example, cystic fibrosis (CF) transgenic mice failed to
mimic pancreas blockage and lung infections that happen in
humans with CF [60, 61].

Teratogenicity

Animal models are used for understanding disease mecha-
nisms and potential new treatments rather than predicting
what will happen in humans. That is why toxicity and terato-
genicity studies usually fail. Among 1396 different substances
studied, it has been shown that half of the human teratogens
are safe in animals. Conversely, almost half of the safe human
agents are dangerous (teratogen) in animals, and 1/3 tested
agents showed varying results in different species [62–64].

Toxicity

Theralizumab (TGN1412) catastrophe is one of the best ex-
amples of low power of animal models in prediction of toxic-
ity of drugs [65–67]. Cigarette smoking failed to produce lung
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cancer in animals [4]. The same happened with asbestosis
models [68, 69] and also diagnostic X-ray carcinogen effects
[70, 71]. Effect of alcohol on fatty liver cirrhosis is another
example [72]. This is one of the most unreliable issues in
animal modeling; lethal dose, 50%, (LD50) is highly unreli-
able. Animals’ age, sex, strain, and weight have substantial
effects on the results of toxicity studies, and due to huge dif-
ferences of approximately all animal models, their results are
extremely unreliable [73]. In vitro studies have been recently
validated to replace LD50 [74, 75]. Among hundreds of
known carcinogens in mice since 1980, only 15 proved to
be a carcinogen in humans.

Discussion

In this section, the etiology of the abovementioned drug de-
velopment failures has been systematically discussed. None of
the complexity, chronicity, age, comorbidities, sex, genetic
similarity, and environmental factors have been appropriately
modeled in most of the current animal models. Subsequently,
the dangers of animal modeling are discussed.

Complexity

Given plenty of abovementioned examples, it is clear that the
complex character of human diseases was not presented in
most animal models. Diabetes, atherosclerosis, and dementia
are all examples of chronic complex diseases that are modeled
with extremely simplified acute approaches.

With no doubt, neuroscience is the most conflicting field of
animal modeling. Compared to any other organ, complexity
of the human brain is not comparable with animal models not
even in primates. Neuropsychological disorders in human are
not comparable to animals at all. That is why a large number
of drug discoveries in this field were the result of direct human
observations. A large number of current neuropsychiatric
medications were initially studied for other diseases and ser-
endipitously discovered by observation of their side effects.
For example, amantadine was originally developed to prevent
influenza but was found to improve symptoms including trem-
or, akinesia, and rigidity in people with Parkinson disease
[76–78]. Chlorpromazine, currently prescribed for its antipsy-
chotic properties, was traditionally introduced as a possible
additive to potentiate general anesthesia [79].

Furthermore, familial, social, and cultural factors cannot be
modeled in animals.

Wrong nomination is misleading

Nominating a simplified model such as a transgenic mouse
model as a true model of a given disease is dramatically mis-
leading, especially when a complex multifactorial disease is

being studied. Asmentioned before, even single-gene diseases
are the result of a transaction of a mutated gene with the wild
genes and the environment. SOD-1 mutation transgenic mod-
el of ALS is a good example. First of all, this model is ex-
tremely sensitive to infection; second, SOD-1 mutation is only
responsible for less than 3% of the patients, and surprisingly,
transgenic mouse which has 23 copies of this gene is known
as the standard ALS model in the majority of studies.
Conclusively, SOD-1 ALS transgenic models were represen-
tative of rare disease forms instead of prevalent mutations.
This model represents a very aggressive presentation of ALS
which does not respond to almost any treatment except for
SOD inhibitors. Thus, current protocols of ALS treatment
are a range of broad-spectrum antibiotics and general anti-
inflammatory agents. Cochrane database analyses showed that
even in the case of riluzole, the sole FDA-approved treatment
of ALS, mean survival of the patients increased only up to 2–
3 months [18].

The same problem happens when we incorrectly call a
streptozotocin model as a diabetes model, or clumping reper-
fusion procedure as a surrogate of a true myocardial
infarction.

Even in the presence of similar phenotypes of diseases,
different genotypes and different pathophysiologic mecha-
nisms in the patients compared to the models could critically
impair the models’ prediction power that is essential for
PPPM to work with. This issue is more challenging when
we are studying diseases with vague and wide definition such
as idiopathic pulmonary fibrosis (IPF). Idiopathic refers to our
loss of knowledge about the exact mechanism of the disease;
in fact, IPF might refer to several different unknown diseases
with different mechanisms that were clustered under a sole
name. Fibrosis could be the end-product of several unknown
genetic, microbial, viral, and rheumatologic pathways yet to
be discovered. Hence, how could we identify a bleomycin or
paraquat-induced pulmonary fibrosis mouse model, like an
IPF model? We should also keep in mind that pathophysiolo-
gy of an idiopathic disease like IPF might be extremely di-
verse in different populations that further lower the predict-
ability of our simplified models.

From a PPPM point of view, it is time to redefine medical
terms. As stated by Janssens, “Should we speak about breast
cancers instead of cancer?” [32, 33]. Parallel to the personal-
ized clinical approach, our disease models should be defined
precisely. Heterogeneity of cancer types that are currently mis-
takenly clustered in a single term calls for dedicated ap-
proaches with their characteristics from bench to bedside.
There is a significant difference between triple negative breast
cancer in a premenopausal woman and triple positive breast
cancer in a postmenopausal woman in terms of management
planning, chemotherapy selection, chemotherapy response,
metastasis tendency, and general outcome. As a result, our
models should reflect the differences appropriately to make
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the foundation of clinical research reliable and practical in
PPPM.

Chronicity is not reflected in most of the current
models

Plenty of human diseases are complex and chronic,
while the counterpart models are not reflecting their
chronic character. Internal validity of experimental stud-
ies is dramatically affected by the ignorance of the
chronic character of the diseases.

Myocardial infarction models are the best example of a
chronic process which was not modeled accurately. That
is why plenty of drug development studies failed in this
issue. Myocytes which were exposed to chronic hypoxia
due to hypoperfusion activate compensatory pathways to
protect themselves from hypoxia. Hypoxemic precondi-
tioning explains the reasoning behind the smokers’ MI
paradox. It also explains why erythropoietin (EPO) is a
protector in acute-induced MI in healthy myocytes but not
in the adapted myocytes. Increased EPO secreted during
chronic hypoxia previously saturated EPO receptors and
implemented its cell protective effects; in fact, extra EPO,
in this case, will not augment extra cell protection [3].

As another example, acute lesions produced by means of
stereotaxic surgery or toxin infusion to mimic Parkinson in
mice have almost nothing to share with progressive, chronic,
degenerative pathophysiology of Parkinson in human beings.

Age

Age is one of the almost always ignored factors in disease
modeling. Even in a given species normal physiology, the
pathophysiology of diseases and response of the organism
to environment and drugs is different in young and old
organism. And by adding to this fact also inter-species,
intra-species discrepancies, you will find how current dis-
ease models are useless. For example, clofibrate,
nafenopin, phenobarbital, and reserpine cause cancer in
old but not young rats [80–82]. Different depression path-
ophysiology in pre- and postmenopausal women is anoth-
er example. Menopausal status barely modeled if any in
animal modeling. As another example, it has been repeat-
edly shown that premenopausal women with breast cancer
have a higher risk for brain metastasis development. Thus,
the premenopausal status at the time of breast cancer di-
agnosis is considered as an additional risk factor for the
brain metastatic lesions which were not reflected in ani-
mal models of breast cancer [32, 38]. It is time to ask how
could we rely on the results of animal experiments with
such significant inter- and intra-species discrepancies.

Sex

Actually, disease perception and even definition in human
beings might be different in either sex. Pathophysiology of
diseases (i.e., depression), pharmacokinetic, and drug re-
sponse in men and women is different. In order to avoid men-
strual cycles and mood disturbances of women, most of the
studies on depression eliminated women from their study
group.

Mouse

Availability of rodents, short gestation and easy reproduction,
resistance, costs, easy maintenance, and small size have made
mouse the flagship of animal models. Compared to the larger
animals such as primates who are much better representation
of human beings, mice were much more widely used in ex-
perimental studies. Actually, a high percentage of our knowl-
edge comes frommale mouse studies which raise concerns for
a so-called male mouse bias.

Although in some single-gene disease such as Huntington’s
disease, there is a good correspondence between human and
murine models. In terms of other environmental injuries such
as trauma and burns, and also in systemic inflammation and
endotoxemia, coefficient between human and murine models
was less than 1% [28]. As another example, 18 out of 23
anticancer vaccines failed in clinical trials [7]; it has been
hypothesized that these were due to higher levels of circulat-
ing immunosuppressive cytokines and several immunologic
checkpoints in humans that might not be present in rodents.
Males and mice are more resistant, compared to the other
species (rabbit) and females. Additionally, they are cheaper,
working with them is easier, and need smaller labs.

Additionally, inter-species genetic variations might further
complicate the results of animal studies. Genetic differences in
mouse models might interfere with the results of animal ex-
perimentations. Although this might be decreased by increas-
ing sample sizes and sacrificing more animals, but this trend is
accompanied by several ethical concerns and is not
recommended.

Environment

There is an extremely sensitive interaction between genes,
epigenetic regulations, and the environment that governs a
sensitive balance between health and illness [6]. Regrettably,
environment and its effect on the organism have been tremen-
dously neglected in healthcare and disease modeling. “PPPM
approach aims to develop appropriate knowledge and techno-
logical skills for promoting affordable strategies in the emerg-
ing fields of environmental risk factors, epidemiology, healthy
lifestyle, individualized nutrition, food technology and culture
in a framework of cost-effective healthcare [1, 34].”
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Most of the animal models are kept in a clean standard
environment, while this environment does not reflect the con-
ditions in real life. For example, smoking as a prevalent habit
has not been reflected in most of the animal experiments. That
is why oral contraceptives (OCP) killed plenty of women,
most of them smokers, and that is why riluzole induced liver
damage in smokers; all of these tragic events were not predict-
ed in experimental studies [83, 84]. Interaction with the other
widely used medications such as proton pump inhibitors is
another example which is not generally studied in models.
For instance, riluzole and pantoprazole co-consumption in-
creases the likelihood of liver damage in ALS patients.

Animals are maintaining in a standard clean environment
which is not comparable to real life. For instance, TGN1412
(anti-CD-28 monoclonal antibody) made an unpredicted hu-
man catastrophe. After administration, it tends to multi-organ
failure due to an unpredicted immune response in the patients.
Subsequently, it has been shown that CD4+ effector memory T
cells (TEM) were responsible for the cytokine release syn-
drome (CRS) and multi-organ failure in the studied patients
[28]. As rodents were stored under very clean circumstances,
they had no multiple exposures to infectious microorganisms;
hence, TEM cell accumulation did not happen in them.
Unfortunately, studies in monkeys also failed to show these
adverse effects because of the diversity of their immune sys-
tem compared to the human. Surprisingly, it was later discov-
ered that in macaque monkeys (Cynomolgus macaques),
CD4+ T cells lose CD-28 expression during differentiation
into TEM cells [65–67].

Dangers of animal modeling

As mentioned above, the most dangerous aspect of relying on
animal models is their low, if any, predictive potential related
to the toxicity of the therapeutic drugs. There are plenty of
human catastrophes that happened because of this. The other
dangerous aspects of animal studies are infections that are
transferred from animals to people working in the research
facilities with these animals. Several animal-lab researchers
suffered or died due to animal microbes. At least, 16 lab
workers have been killed by the Marburg virus. Ebola out-
breaks in American monkey colonies infected a number of
lab workers [85]. We believe that year by year, a huge amount
of time, money, and resources are wasted by inappropriate
animal modeling. Around 106,000 people die every year from
adverse reactions to animal-tested drugs, while 2.2 million
people are seriously injured annually. Furthermore, working
with animals is accompanied by several serious problems,
such as the production of new serotypes, genetically drifted
viruses, and contamination of biological products. For exam-
ple, Simian virus 40 infected polio vaccines; as a known car-
cinogen, it has infected millions of Americans [86]. Although
it is still doubtful, there are reports that hypothesized that HIV

might be the result of polio vaccine production using monkey
tissues or the product of cancer and biologic weapon research
in the early 1970s [87–90].

There are several potentially infectious agents, especially
virus and prions of nonhuman grafts and tissues that might be
transmitted to humans. Severe acute respiratory syndrome
(SARS) outbreaks might be the results of remodeling and
combination of zoonosis with human viruses. Prion diseases
are also extremely dangerous for us and there is a high likeli-
hood of transfection to animal lab workers and receivers of
animal lab products like animal-derived vaccines. The same
might happen in genetic engineering labs, while during the
production of recombinant proteins, other unknown infectious
agents might contaminate their products. Contamination with
animal viruses and prions has been dramatically decreased
after human tissue culture introduction [91]. Meanwhile, ani-
mal cell cultures are still being practiced in several labs [92].

Predictability of some models is assumed to be around
50%; instead of modeling, we might flip a coin and save
money and innocent animals. Honestly, ethics committees
are not taking care of animals and plenty of them are sacrificed
for nothing. Animal study designing is not as accurate as hu-
man trials, there is no registration for experimental studies,
almost none of them is blind, and standard anesthesia is not
practiced in many institutions. Brutal handling of animals is
quite prevalent in laboratories around the world. Regrettably,
more than 100 million animals are killed in animal labs
annually.

Publication bias is another critical concern of animal ex-
periments. Since they are not registered, negative results are
rarely presented. Even in clinical trials, fewer than one in five
cancer RCTs are being published. Since negative results are
not being published, animal studies generally overvalue, by
about 30%, the likelihood that a treatment might be effective
[7, 18]. It is time to register animal studies, just like clinical
trials.

Three conclusive examples

Neurosciences and Alzheimer

A brief review of the literature will disclose several so-
called animal models of Alzheimer, but a deeper look at
Alzheimer models reveals that these models generally
cover only one aspect of the complex character of this
neurodegenerative disease [93]. A large number of re-
sponsible factors have been suggested for developing
Alzheimer and among them are aging, inflammation,
oxidative stress, vascular abnormalities, and amyloid de-
positions. Surprisingly, lifestyle, nutrition, education, ac-
ademic achievements, and even career are also related
to Alzheimer development [94–96]. Now it is time to
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ask, how could we synthesize such a complex, chronic,
multi-factorial disease of an extremely complex organ
(human brain) in a mouse model? Is a transgenic model
such as amyloid precursor protein transgenic mouse
model a suitable model for human Alzheimer disease
[97–99]? It has been shown that patients with Down
syndrome develop Alzheimer earlier than the normal
population due to having three copies of chromosome
21 and hence three copies of amyloid precursor protein
(APP) gene. However, does it mean that Alzheimer in
Down syndrome is equal to Alzheimer in elderly?! Does
an Alzheimer model, which was developed by means of
applying a mitochondrial toxin to a rat, is a good rep-
resentative of Alzheimer in a Nobel laureate? How
could we compare cognitive impairment in animals
and human beings? We have to change the names of
our models. Amyloid precursor protein transgenic mouse
model is not an Alzheimer model. It is nothing but
three copies of amyloid precursor protein deposition in
the brain of a mouse. Conclusively, targeting a single
aspect of a multifactorial disease such as Alzheimer will
not appropriately model such a multifactorial chronic
complex disease. In fact, none of age, oxidative stress,
education, and other responsible genes were reflected in
APP models of Alzheimer. It seems that in neurosci-
ence, it is inevitable to fade out the stress of primary
animal models. Weight of human trials is not compara-
ble with the animal studies. Animal models might be
misleading, if we do not revise our models’ names
and if not revising the concept of disease modeling
instead of risk factor modeling.

PPPM approaches patients instead of diseases; for a
patient-tailored approach, complex characteristics of the pa-
tients should be addressed precisely [1, 2, 34]. In order to
provide reliable practical information, preclinical studies
should implement PPPM concepts and hence model diseases
with respect to their detailed characteristics of the patients. It is
quite sophisticated and literally impossible to model complex
characteristics of human neuropsychiatric disorders in animal
models.

Wound healing

Both, modifiable risk factors (such as stress, smoking,
inappropriate alcohol consumption, malnutrition, obe-
sity, diabetes, and cardiovascular disease) and non-
modifiable risk factors (such as genetic diseases and
aging), have been identified in the process of im-
paired wound healing, which calls for implementation
of PPPM approach in this area [100]. Individual risk
factors, causality, functional interrelationships, molec-
ular signature, predictive diagnosis, and primary and

secondary prevention are all crucial in approach to
impaired wound healing [34].

On the other hand, animal models of wound
healing are extremely simplified; almost none of co-
morbidities and risk factors of impaired wound
healing has been modeled on them. Among the im-
portant risk factors that were not presented in the
majority of models are aging, smoking, malnutrition,
obesity, diabetes, and cardiovascular disorders [100,
101].

Myocardial infarction

As a final example, let us take a short look to the MI/
stroke models and evaluate the abovementioned con-
founding factors which were not taken into account
while modeling MI/stroke.

a. First of all, most of the patients with MI/stroke are old,
while most of the animals are young.

b. Most of the patients with stroke are suffering from several
comorbidities such as hypertension, obesity, and diabetes
while models are healthy animals which acutely
underwent an arterial temporary blockage procedure.

c. A large number of patients with stroke are smokers; none
of the animals are.

d. Female animals are usually underrepresented in experi-
mental studies but the patients come from both sexes.

e. Most of the models are rats and mice and biologically
closer species have been rarely used, which increases
inter-species discrepancies and decreases the validity of
these biologically distant models.

f. Timing is a matter of fact in MI/stroke treatment.
Pretreatment and immediate treatment are prevalent in
models, while in the real world, there is almost no pre-
treatment for MI/stroke. It happens suddenly and general-
ly only hours after the MI/stroke, treatment will start for
most of the patients.

g. In experimental studies, the efficacy of treatment in
models is evaluated by infarct volume, while the clinical
relevance of infarct volume with the patients’ outcome is
in doubt. Infarct size has been shown to have a moderate
correlation with the patients’ clinical status and outcome
[3].

h. Preconditioning is of great importance specially in terms
of applying recombinant cell protectors such as EPO; nev-
ertheless, preconditioning has not beenmodeled in animal
models of stroke and MI.

i. Percentage of cells undergo stunning, and the location of
the infarct plays a crucial role in clinical presentation and
outcome of the patients. None of these has been reflected
in stroke models.
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Old habits die hard: why do animal models still exist?

Why do animal models still exist? First of all, it is difficult to
change roles, terms, and conditions. People are happy with
their routines. Some people are making money with animal
models; currently, animal production for experimental studies
seems to be a treasured industry.

Particularly, animal experiments may provide a legal
sanctuary for pharmaceutical companies. In our opinion,
pharmaceutical companies, by means of presenting ex-
perimental studies as scientific evidence, can find their
way to escape from complaints. Moreover, it seems that
only after having their money back and when plenty of
patients have suffered from unexpected side effects (as
evidenced in plenty of phase 4 studies) they will with-
draw selling their products, while, unfortunately, most
of them are not willing to compensate for their fault.
Huge amounts of money and resources are wasted, and
pharmaceutical companies are not those who missed
their resources. Actually, by providing false scientific
pieces of evidence using inappropriate animal models
and selling their drugs, they usually have their money
back before phase 3 and 4 studies reveal hazards and
inefficacy of their products. When the society complains
against this malpractice, these inappropriate pieces of
evidences will likely protect them from being sued.

Compared to the clinical trials, the publication of
animal experiments is much easier. Experimental studies
are also less expensive compared to human studies and
less time-consuming. Scientist could produce new and
interesting findings in a short time with a small amount
of money, time, and energy. They need a pretty small
research group, with no need to owe clinicians, and
guarantee academic improvement for faculty members
and lab directors. The more you publish, the more you
are a scientist! Furthermore, many of old-school re-
searchers currently working with animals as experts in
this field do not like to learn new methods such as
tissue culture. Animal experiments are lucrative since
there are several direct grants for animal research.
Additionally, there are less ethical investigations during
the conduction of the study and at the time of publica-
tion. Surprisingly, animal studies appear more scientific
compared to clinical investigation. A very small number
of clinician scientists exist, and tunnel vision of PhDs
and lack of holistic knowledge of the diseases and its
complex character are real challenges for current inves-
tigations. Finally, at the moment, there is still a vast
lack of knowledge and expertise in cutting-edge non-
animal techniques.

Although we have learned a lot from animal experi-
ments, a large number of our studies are not fruitful and
might be misleading. Careful application of animal

models is advised and a replacement in the form of
novel state-of-the-art technologies is required for disease
modeling. Malpractice in animal modeling was such a
huge catastrophe that it made some scientist admit that
“animal experiments are part of medical history, but
history is where they belong.”

Recommendations and suggestions
for solutions

The approach of alternatives to animal models was first de-
scribed in 1957 by Hume and Russell [102], which mostly
covered the ethical issues of animal modeling. In 1959,
Russell and Burch proposed a number of strategies to make
the animal testing further humanly, which was presently iden-
tified as three Rs (reduction, refinement, and replacement)
[103].

This concept reduces the use of animals in research and
refines pain and distress caused during the biological investi-
gations. Furthermore, animal models must be replaced with
alternative techniques [104]. These techniques supply alterna-
tives for toxicological, chemical, and pharmacological exper-
iments. Time efficiency and cost-effectiveness are among the
advantages of these strategies [105–108]. Application of
in vitro human cancer cell lines, as less costly, more reliable
alternatives of animal models are warranted.

Alternative methods and models could be categorized as
living and non-living systems [107, 109]. Living systems refer
to systems based on animal or human components such as
cell, tissue, and organ cultures and systems based on organ-
isms including microorganisms, lower vertebrates, and inver-
tebrates. Non-living systems such as biochemical and physio-
chemical systems, mathematical and computer models (in
silico analysis) [110], and epidemiological data on human
can also be applied when there is adequate information acces-
sible [83, 107, 111, 112]. A number of alternative methods are
listed in Table 1.

Importance of clinical investigations

Understanding and management of human diseases should
start with and terminate in human observations [113].
Hepatitis, ulcerative colitis, rheumatic fever, typhoid fever,
appendicitis, and hyperparathyroidism are all among samples
of successful human-human study pathways.

Epidemiologic population base studies

Framingham identification of coronary heart disease risk
factors is the best example of a critically important mas-
sive human cohort [114, 115]. Human observations,
population-based studies, proteomics, next-generation
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sequencing, whole genome sequencing, post-marketing
surveillance, phase 4 trials, side effects observations,
network meta-analysis, and Mendelian randomization
are among promising novel methods and techniques that
can replace animal modeling.

Mendelian randomization

Mendelian randomization, a novel genetic-epidemiologic ap-
proach, may identify a causal link between risk factor and
disease, in the presence of confounding factors. Mendelian
randomization studies raised major concerns regarding what
we believed to be a true causal relationship [116]. For exam-
ple, courtesy of Mendelian randomization studies, the causal
relationship between high-density lipoprotein cholesterol
(HDL-C) and coronary heart disease (CHD) is in doubt now;
this might explain why plenty of HDL-targeted medications
failed to protect patients from developing CHD. Meanwhile,
we should keep in mind that just like any other newly present-
ed method, Mendelian randomization has its own limitations
yet to be uncovered [117–121].

Autopsies and biopsies

Most of our current knowledge in Alzheimer, DM, appendi-
citis, and heart disease is the result of studies on autopsies and
biopsies. For example, the development of colon cancers from
adenomas was not observed in leading colon cancer animal
models [122, 123].

Medical education

Animal labs should be eliminated from educational programs.
For example, American College of Surgeons (ACS) presented
trauma man simulator to replace animals and human cadavers
for the Advanced Trauma Life Support (ATLS) program
[124–126].

Phase 0 studies: microdosing

One out of four drug development failures is because of phar-
macokinetic issues such as penetration into the target organ or
absorption; microdosing with sensitive tests could solve this
problem and eliminate these failures, and help us to save our
patients, our money, and innocent animals in labs [127–129].
The results of microdosing studies showed 70% correspon-
dence with the results from full-dose studies. Nevertheless,
like any other novel technique, there is a likelihood of publi-
cation bias in the published literature.

Conclusion

PPPM calls for a patient-tailored approach as choosing
the right medication, the right dose at the right time
point. This approach may not be achieved unless taking
into account clinical, pathological, environmental, and
psychosocial characteristics of the patients. In order to
accurately model the patients and make relevant predic-
tions, it is necessary to reflect all complex characteris-
tics of the patients into our models. Unfortunately, none
of the complexity, chronicity, age, comorbidities, sex,
genetic similarity, and environmental factors has been
appropriately modeled in most of the current animal
models. Hence, current animal models should be exten-
sively revised and/or replaced by novel surrogates to
achieve this goal.

There might be plenty of agents, potentially safe in
humans, that were not studied in people due to ob-
served toxicity in animals. Also, there might be plenty
of missed potential treatments which did not show effi-
cacy in animals and hence never studied clinically; as
mentioned above, plenty of currently approved treat-
ments were delayed because of misleading animal
models. Hence, we have to look back and re-evaluate
hundreds of potential treatments. Some agents might not
show efficacy in animals or might be lethal for them
while they are well tolerated in humans and could be
curative.

Using inappropriate animal models can hardly be accepted
if we want to improve the system of healthcare in the future.
The surrogates for animal models are gradually emerging and
we have to take care that they are vigorously tested and, if
passed, used in predictive modeling, disease modeling, and
therapy modeling.

Study limitations

In order to be as comprehensive as possible and cover a wide
range of diseases, it was not possible to systematically review
all the literature. With plenty of keywords and diversity of
discussed studies, it was inevitable to apply a narrative ap-
proach rather than a systematic approach to review the litera-
ture. A narrative literature review can often include an element
of selection bias.

Plenty of suggested surrogates are still in their embryonic
period and need further investigation.
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