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1. Why is human evolutionary biology not
an integral part of medical education?

Humans are primates that shared a common ances-
tor with the so-called ‘great apes’ (chimpanzees,
gorillas, orangutans and bonobos), later emerging
out of Africa about 100,000 thousand years ago
to populate the entire planet [1,2]. The practice
of modern medicine originated as an art and a
trade in the 18th and 19th centuries, and began to
develop a scientific basis in the early part of the
20th century [3]. At the time this initial scientific
revolution in medicine was taking place, the con-
cept of evolution and Darwinian natural selection
was not yet well accepted. The major reasons were
that while Mendel’s laws of heredity had yet to be
fully appreciated, and Weissman’s germ cell theory
had become accepted, indicating that heredity did
not involve somatic cells, but rather, only the germ
line. For these and other reasons, many even ques-
tioned the Darwinian paradigm at that time. It was
only later with the introduction of Mendelian
genetics, population genetics, and other critical
components, that the ‘modern synthesis’ in evolu-
tionary biology took place in the mid-20th century
[4]. By this time medicine had become an estab-
lished ‘science’ and had already incorporated those
basic sciences that were important for its prac-
tice, such as anatomy, physiology, biochemistry
and cellular and molecular biology. Evolution,
as a more recently developed science, was thus
left out of this modern revolution in medicine.
Consequently, evolutionary biology is not taught as
a formal discipline in the medical curriculum, and

very few medical schools even have basic science
teachers with a primary interest in evolutionary
biology [5].

2. Human evolution is highly relevant
to medicine

In retrospect, this has been an unfortunate his-
torical mistake. After all, of the numerous species
on the planet, medical doctors are asked to care
for a single one, i.e., humans. Is it not then self-
evident that such practitioners should have at least
a basic knowledge of the origins of the species
that they so intensely study and treat? In recent
times this point has been brought up by several
scientists, including a few from the medical profes-
sion [5,6] and the basics about evolution are now
being taught in a few medical schools.

My own epiphany in this area came about
serendipitously, as a consequence of studying an
immune reaction of humans against animal serum,
which eventually resulted in the discovery of the
first known genetic difference between humans
and great apes, a defect in the synthesis of one
specific kind of cell surface molecule [7] belonging
to a family of sugars called sialic acids [8]. Since
then many additional genetic differences between
humans and great apes have been discovered [9,10],
and there is a robust field of inquiry involving such
questions.

However, most of these comparative studies are
aimed at answering more fundamental and philo-
sophical questions. Where did the human species
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originate from? How do we differ from the great
apes? And how did these changes take place?
It is time now to also apply this emerging know-
ledge about human-ape differences to our under-
standing of human disease. This brief overview
considers questions in this arena and suggests
approaches for the future. One related area of
medicine presents clear examples of the evolu-
tionary process at work – the biology of human
pathogens and resistance development to vari-
ous therapeutic agents such as antibiotics. It is
curious to note that even microbiology litera-
ture typically uses the word ‘emergence’ rather
than evolution [11], perhaps because of the lack
of training of the relevant biomedical investiga-
tors in fundamental evolutionary principles. This
article will not spend much time on evolution-
ary principles in infectious disease and micro-
biology, as this is a topic that is reasonably well
discussed in other venues. Rather, it will focus on
genetic differences between humans and our clos-
est evolutionary cousins and their implications for
disease.

3. Differences in the incidence and severity
of diseases between humans and

‘great apes’

Some disease differences between humans and
‘great apes’ are due to anatomical variations. The
most obvious one relates to the upright strid-
ing bipedal posture of humans [12]. Evidence sug-
gests that this unusual posture of humans is an
ancient adaptation that occurred relatively soon
after the divergence from our common ancestor
with the chimpanzee about 6 million years ago
[12]. While the evolutionary basis for the relatively
sudden emergence of this unusual change in body
posture remains unexplained, the consequences to
the human body are still being felt today. These
range from problems such as back muscle and
spine disorders, (including major consequences for
the spinal cord and the peripheral nervous sys-
tem), the higher incidence of problems related to
the increased hydrostatic pressure in blood ves-
sels (e.g., varicose veins and hemorrhoids), and
increased intrabdominal pressure (e.g., hernias).
While these biomechanical consequences are not
surprising, it is interesting to note that despite
6 million years of time for adaptation, we are still
susceptible to such problems. This suggests that
the original selection mechanism for bipedalism
must have been rather intense, as it would have
been associated with substantial deleterious conse-
quences at the outset.

Conversely, there are anatomical differences
between humans and apes in which the latter

are the ones to suffer. Perhaps the most obvious
one is infection of the pharyngeal pouches, which
are particularly well developed in the orangutan,
but are also present in the other great apes (but
not humans) to varying extents. These so-called
‘air sacs’ are prone to infection, much in the same
way that the human air sinuses are. These ‘air
sac’ infections can be quite serious and have
short and long-term consequences [13]. Other dis-
eases related to anatomical differences are rela-
tively less common, and will not be discussed
here.

4. Differences not caused by purely
anatomical factors

It has long been assumed that ‘great apes’, because
of their close genetic similarity to us, also suffer
from similar diseases. In fact, the chimpanzee has
long been used for a model for the study of human
diseases [14]. While there are now significant ethi-
cal issues constraining such work [15], there is a
substantial body of existing information spanning
almost a century, in which the chimpanzee was
studied both as a model for human disease, and
also cared for in captivity with excellent veterinary
medical care, including autopsies, i.e., processes
quite similar to those which gave rise to the current
body of knowledge about human disease. However,
there has been a strong tendency for such research
to focus only on those aspects of chimpanzee dis-
eases that are similar to that of humans, and not
those that are different. Perhaps this is not surpris-
ing, as the funding agencies supporting the chim-
panzees are interested in health issues, and not
evolutionary ones.

Overall then, there has been a tendency to not
discuss nor report on diseases and processes in
which humans appear to be different than those
of the great apes. Revisiting this issue from a
utilitarian perspective shows many examples in
which humans are actually rather different from
chimpanzees and other ‘great apes’, in terms of
disease profiles and severity [16–18]. In only a few
instances are these differences well documented
enough in the published literature to be consid-
ered as ‘definite’. In many other instances, the pub-
lished data is not as strong, and one must classify
these as ‘probable’ and ‘possible’ differences. How-
ever, even in the case of the ‘possible’ differences
the anecdotal evidence appears quite strong and
should be taken seriously. A list of such differences
based on examining all available data is summa-
rized in table 1. Each of these disease differences is
briefly considered in the following sections. Follow-
ing this, our own work on sialic acid biology differ-
ences between humans and great apes is outlined
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Table 1. Biomedical differences between humans and ‘great apes’ that cannot be
explained by anatomical differences.

Medical condition Humans ‘Great Apes’

Definite Differences

HIV infection progression to AIDS Common Very rare

Hepatitis B/C late complications Can be severe Mild

P. falciparum malaria Susceptible Resistant

Myocardial infarction Common Very rare

Probable Differences

Human influenza a susceptibility Can be severe Often mild

Epithelial cancers Common Rare?

Sia-expressing bacterial pathogens Common Rare?

Alzheimer’s disease pathology Complete No tangles

Pre-eclampsia Common Rare?

Menopause Universal Rare?

Hydatidiform molar pregnancy Common Rare?

Possible Differences

Rheumatoid arthritis Common Rare?

Bronchial asthma Common Rare?

Endometriosis Common Rare?

Autoimmune diseases Common Rare?

Data in this table are adapted and updated from references 16–18 and the citations
therein.

and possible relationships to the disease differences
are considered.

5. ‘Definite’ differences

Perhaps the best known of these disease differences
relates to the effects of the human immunodefi-
ciency virus (HIV) on humans and chimpanzees.
Prior to the recent understanding that humans
originally acquired HIV from chimpanzees [19,20],
the chimpanzee was used as a host for transmis-
sion of the HIV virus from humans, as this was
the only viable model [21]. Remarkably, after many
hundreds of chimpanzees were infected with the
virus, only one finally developed the full-blown syn-
drome of AIDS [22]. Even this case turned out
to be one in which unusual mutations appear to
have occurred in the virus itself, such that it was
lethal to the few other chimpanzees into which
it was transferred [23]. But this appears to have
been an unusual variant that evolved in a chim-
panzee infected with multiple strains of human
immunodeficiency virus, and does not represent the
wild type virus that normally infects chimpanzees.
Meanwhile, it has been recently reported in meet-
ing abstracts that wild chimpanzees chronically
infected with the original virus can have milder
versions of an AIDS-like syndrome. Regardless, the
basic difference remains, that when the human
immunodeficiency virus (which was derived from

a chimpanzee virus) is put back into chimpanzees,
it caused very little disease. The basis for this dif-
ference would certainly be worth knowing, and it
may also help explain why chimpanzees infected
with Hepatitis B or C viruses rarely progress onto
chronic active hepatitis or liver cancer, outcomes
that are relatively common in infected humans [24].

Another common disease in which there is a
major difference between humans and chimpanzees
is the malarial parasite Plasmodium falciparum,
the major cause of malaria-related deaths world-
wide. In experiments done a long time ago, it
was shown that chimpanzees are practically resis-
tant to infection with this parasite [25–27]. In con-
trast, chimpanzees are infected with a related
form of malaria called Plasmodium reichenowi,
which does not cause illness in humans [25,26].
Yet another dramatic difference between humans
and great apes relates to cardiovascular disease.
The most common cause of deaths in both humans
and of great apes in captivity that are rela-
tively free of infectious disease is heart disease,
manifesting either as sudden heart attacks or as
chronic heart failure [28]. Thus, at first glance it
appears as if humans and chimpanzees are similar
in this respect. In fact, careful analysis of the
available data indicates that this is not the case.
Remarkably, the cardiac disease that occurs in
chimpanzees is quite different from that which
occurs in humans [29–33]. In humans, as is well
known, the most common cause of cardiac disease



398 AJIT VARKI

is blockage of the coronary arteries due to the pro-
gression of atherosclerosis, eventually resulting in
loss of blood supply to the cardiac muscle. In strik-
ing contrast, while chimpanzees can certainly have
atherosclerotic cardiovascular disease, they very
rarely develop blockade of the coronary arteries.
Instead they often suffer from a chronic fibrotic
process that involves the entire cardiac muscle
[30–33]. This process can either generate sudden
‘heart attacks’ (likely due to changes in heart
rhythm caused by the fibrosis), or chronic heart
failure due to the replacement of heart muscle.
Thus there are two mysteries to be solved. First,
why is it that chimpanzees do not develop the
severe chronic forms of coronary artery disease that
plague humans? As discussed elsewhere, known
dietary and genetic factors do not provide obvi-
ous answers [32]. Second, why is it that humans do
not get this kind of common fibrotic heart disease
that chimpanzees and other great apes suffer from?
Nothing definite is known about this matter.

6. Probable differences

Chimpanzees are clearly quite susceptible to some
human viruses, such as respiratory syncytial virus
[34]. However, when chimpanzees were deliber-
ately infected with human influenza viruses, they
required relatively large doses of virus to gener-
ate symptomatic infections, and even then did not
have severe consequences [35,36]. Another remark-
able finding is the rarity of reports of carcino-
mas (cancers arising from the epithelial lining of
hollow organs) in chimpanzees [16,28]. These are
the commonest cancers in humans, and yet have
hardly ever been reported in any of the great
apes. To some extent the difference maybe age-
related, in that most apes die at a relatively
young age. However, given the high frequency of
some of these cancers even in relatively young
humans, it is noteworthy that none have been
reported in the chimpanzees, who are now liv-
ing longer in captivity. It is unlikely it is just a
matter of lack of reporting, as this difference is so
well known in the veterinary and primate patho-
logy communities that any case would very likely
have been considered ‘reportable’. Another inter-
esting difference appears to be in the frequency of
infections with bacteria that express sialic acids
[37,38]. While such organisms are very commonly
isolated from humans, infections have simply not
been reported as spontaneous occurrences in any
of the great apes. Interestingly, many of the rele-
vant bacteria are human-specific obligate com-
mensals/facultative pathogens [37,38]. Another
difference is in the prevalence of the pathology
of Alzheimer’s disease, a chronic degenerative

condition affecting older humans, which mani-
fests as progressive neuronal loss associated with
the deposition of amyloid plaques and neurofibril-
lary tangles. While age-matched brains from great
apes have been shown to contain typical amyloid
plaques, the neurofibrillary tangles are quite rare
[39–41]. Likewise, the extensive neuronal loss and
cerebral atrophy that occurs in Alzheimer’s dis-
ease of humans does not seem to occur in any
of the great apes. Again, one possibility is sim-
ply that this is an age-related phenomenon. How-
ever, a sufficient number of apes have lived into an
age span where at least the pathology might have
been noted – and as indicated, age-matched sample
comparisons did not show obvious neurofibrillary
tangles.

There also appear to be multiple differences
in female reproductive biology. For example, pre-
eclampsia is a common problem of pregnant
humans, manifesting as loss of protein in the
urine and consequent edema, elevated blood pres-
sure, etc., associated with placental insufficiency, a
process which eventually can result in fetal loss or
a requirement for early delivery because of progres-
sion of symptoms in the mother [42]. To date, this
syndrome has not been reported in any pregnant
great apes, although it can be artificially induced
in an experimental fashion in monkeys [43–46].
Another human condition that appears to be rare
in great apes is menopause, i.e., the sudden ces-
sation of menstrual periods and fertility in other-
wise healthy, middle-aged females [47,48]. To some
extent this maybe again related to the fact that
chimpanzees and other ‘great apes’ do not live as
long. However, there is sufficient data to indicate
that while hormonal changes similar to menopause
may occur in elderly female chimpanzees [49–51],
full-blown loss of fertility occurring at a time when
the female is otherwise healthy is likely a unique
human condition. Another surprise is the almost
complete absence of reports of hydatidiform molar
pregnancy in non-human primates. This is a very
common problem in humans, characterized by fer-
tilization of the blighted ovum by a sperm, fol-
lowed by duplication of the male haploid genome
giving a homozygous state at all loci and abnormal
imprinting [52,53]. Essentially no fetus is present
in most of these cases – rather the extra embry-
onic fetal tissues instead of developing into a pla-
centa get converted into aberrant large grape-like
clusters of tissue. This common disorder has never
been reported in any of the other primates and the
reasons for this difference remain unknown.

7. Possible differences

In this category of differences are diseases wherein
anecdotal evidence suggests a marked difference
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between humans and apes, but for which there is
no documented, published enumeration of risk dif-
ference. Perhaps the most dramatic example is that
of bronchial asthma, an extremely common dis-
ease in humans, and which is increasing in preva-
lence in recent times. Discussions with great ape
veterinarians indicate that bronchial asthma has
yet to be seen as a problem in any great ape
in captivity. This noticeable difference has not
been documented carefully, but needs to be fur-
ther investigated. Another surprise is the almost
complete absence of cases of rheumatoid arthritis
(RA), a disease that is easy to diagnose by direct
physical examination. While sero-negative spondy-
loarthropathy is common in humans and old world
primates [54], the very common RA disease of
humans has not so far been reported in most great
apes in captivity (an exception may be gorillas).
Another curiosity has to do with the very low fre-
quency of endometriosis in the apes. This disease
affects about 10% of women of child-bearing age
[55–57] but is rare in great apes – although it has
been reported in monkeys [58]. Finally, there seems
to be a general paucity of autoimmune disorders
such as systemic lupus in the apes. This is sur-
prising also, but the frequency of these diseases is
relatively low in humans.

8. What might explain these differences?

In each instance discussed above, several possible
explanations can be offered. One of greatest con-
cerns is simply that of ascertainment bias, i.e., just
a failure to detect the disease in the apes because
of the low numbers studied. This certainly can
be used as an explanation for diseases that are
relatively rare in the human population. However,
many of those mentioned above are quite com-
mon, and ascertainment bias seems unlikely, given
that several thousand apes have been observed in
captivity over a >50 year period. Thus it is rea-
sonable to consider genetic and/or environmen-
tal differences between humans and great apes
that might explain these unexpected observations.
Clearly there is also a need to investigate further
by review of medical records and discussions with
veterinarians.

9. Potential roles of sialic acid biology in
explaining some of the differences

As discussed in detail elsewhere, we have discov-
ered multiple changes in sialic acid biology that
appear to be uniquely human [59,60]. In a biologi-
cal system with less than 60 known genes [61], more
than 10 have shown human-specific differences

from the great apes [59,60]. This suggests that
sialic acid biology was a ‘hot spot’ in human evolu-
tion. With regard to the disease differences between
humans and great apes, we are pursuing the pos-
sibility that some of these changes in sialic acid
biology may have contributed. Three general cat-
egories of mechanisms can be considered. First of
all, the change in the cell surface sialic acids, i.e.,
the loss of Neu5Gc sialic acid and an excess of
the Neu5Ac sialic acid would create a situation
wherein pathogens or toxins that prefer to bind
to Neu5Gc would not be able to infect humans.
In contrast, those that prefer to bind to Neu5Ac
would find humans cells to be particularly attrac-
tive targets. Several examples of these possibilities
have surfaced and one particularly striking one is
the potential role in affecting the P. falciparum
malaria differences between humans and chim-
panzees. We have shown that the major binding
protein of the P. falciparum merozoite prefers to
bind to Neu5Ac, in contrast to the corresponding
protein of the chimpanzee parasite, which prefers
Neu5Gc [62]. The second category of differences
arises from the unusual phenomenon of incorpora-
tion of dietary Neu5Gc sialic acid into human tis-
sues via metabolic incorporation and re-utilization
in the face of circulating anti-Neu5Gc antibodies
[60,63–69]. This combination could trigger chronic
inflammation in tissues such as epithelial cells
(potentially exacerbating the progression of carci-
nomas) or endothelial cells (potentially aggrava-
ting processes such as inflammatory vasculitidies
including atherosclerosis) or incorporation into
inflamed tissues such as arthritic joints, potentially
aggravating the arthritis process. These possibi-
lities are currently being pursued. Alternatively,
metabolic incorporation of Neu5Gc into human tis-
sues could make us sensitive to toxins that prefer to
bind Neu5Gc [70]. In a third mechanism, humans
appear to have altered the expression of Siglecs
(Sialic acid binding Ig superfamily lectins) [71,72]
in various tissues. The relative or absolute loss of
Siglec expression on lymphocytes [73] could per-
haps explain the propensity of humans to develop
disorders associated with excessive lymphocyte
activation such as AIDS, chronic active hepatitis
and the severe consequences of human influenza
virus infection. On the other hand Siglec-6 shows
expression in the human placenta, which is not
present in the great apes [74]. Interestingly the
expression of Siglec-6 is also markedly up-regulated
in the human specific disease pre-eclampsia [75].
Several other examples could be cited of poten-
tial interactions between changes in sialic acid bio-
logy and the initiation or aggravation of so-called
human-specific diseases. However, much further
work needs to be done before this can be made
definitive for most of the suggested cases.
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10. Conclusions and perspectives

This brief overview has provided some attention
to the serious lack of teaching of evolutionary bio-
logy and human evolution in medical curriculum.
I have then used differences between humans and
great apes as an example of where research could
provide useful knowledge. Our own work in this
area is focused on human-specific changes in sialic
acid biology. However, there are obviously many
other biological systems that have or are likely to
have undergone human-specific changes, and all of
these need to be considered. Finally, although not
addressed in this review, another important aspect
of human origins and evolution has to do with the
marked ‘mismatch’ between our modern human
condition and that of our hunter-gatherer ancestors
[76–79], and these mismatches can help account
for some of our propensity to certain types of
diseases.

References

[1] Goodman M, Porter C A, Czelusniak J, Page S L,
Schneider H, Shoshani J, Gunnell G and Groves C P
1998 Toward a phylogenetic classification of primates
based on DNA evidence complemented by fossil evi-
dence; Mol. Phylogenet. Evol. 9 585–598.

[2] Quintana-Murci L, Quach H, Harmant C, Luca F,
Massonnet B, Patin E, Sica L, Mouguiama-Daouda P,
Comas D, Tzur S, Balanovsky O, Kidd K K, Kidd J R,
van der Veen L, Hombert J M, Gessain A, Verdu P,
Froment A, Bahuchet S, Heyer E, Dausset J, Salas A
and Behar D M 2008 Maternal traces of deep common
ancestry and asymmetric gene flow between pygmy
hunter-gatherers and Bantu-speaking farmers; Proc.
Natl. Acad. Sci. USA 105 1596–1601.

[3] Cohn A E 1924 Purposes in medical research: An intro-
duction to the journal of clinical investigation; J. Clin.
Invest. 1 1–11.

[4] Dobzhansky T 1949 Towards a modern synthesis;
Evolution 3 376.

[5] Nesse R M, Stearns S C and Omenn G S 2006 Medicine
needs evolution; Science 311 1071.

[6] MacCallum C J 2007 Does medicine without evolution
make sense? PLoS Biol. 5 e112.

[7] Varki A 2001 Loss of N-glycolylneuraminic acid in
humans: Mechanisms, consequences and implications
for hominid evolution; Am. J. Phys. Anthropol. 44
Suppl 33 54–69.

[8] Varki A and Schauer R 2009 Sialic acids; In Essen-
tials of Glycobiology (eds) Varki A, Cummings R D,
Esko J D, Freeze H H, Stanley P, Bertozzi C R,
Hart G W and Etzler M E, Cold Spring Har-
bor Laboratory Press, Cold Spring Harbor, NY,
199–218.

[9] Varki A and Nelson D 2007 Genomic differences
between humans and chimpanzees; Annu. Rev. Anthro-
pol. 36 191–209.

[10] Varki A, Geschwind D H and Eichler E E 2008 Explain-
ing human uniqueness: Genome interactions with envi-
ronment, behaviour and culture; Nat. Rev. Genet. 9
749–763.

[11] Antonovics J, Abbate J L, Baker C H, Daley D,
Hood M E, Jenkins C E, Johnson L J, Murray J J,
Panjeti V, Rudolf V H, Sloan D and Vondrasek J 2007
Evolution by any other name: Antibiotic resistance and
avoidance of the E-word; PLoS Biol. 5 e30.

[12] Bramble D M and Lieberman D E 2004 Endurance
running and the evolution of homo; Nature 432
345–352.

[13] Strobert E A and Swenson R B 1979 Treatment
regimen for air sacculitis in the chimpanzee (Pan
troglodytes); Lab. Anim. Sci. 29 387–388.

[14] Keeling M R and Roberts J R 1972 The chim-
panzee: Histology, reproduction and restraint; (ed.)
G H Bourne, S Karger, New York, 143–150.

[15] Gagneux P, Moore J J and Varki A 2005 The ethics of
research on great apes; Nature 437 27–29.

[16] Varki A 2000 A chimpanzee genome project is a bio-
medical imperative; Genome Res. 10 1065–1070.

[17] Olson M V and Varki A 2003 Sequencing the chim-
panzee genome: Insights into human evolution and dis-
ease; Nat. Rev. Genet. 4 20–28.

[18] Varki A and Altheide T K 2005 Comparing the human
and chimpanzee genomes: Searching for needles in a
haystack; Genome Res. 15 1746–1758.

[19] Gao F, Bailes E, Robertson D L, Chen Y,
Rodenburg C M, Michael S F, Cummins L B,
Arthur L O, Peeters M, Shaw G M, Sharp P M and
Hahn B H 1999 Origin of HIV-1 in the chimpanzee Pan
troglodytes; Nature 397 436–441.

[20] Sharp P M, Shaw G M and Hahn B H 2005
Simian immunodeficiency virus infection of chim-
panzees; J. Virol. 79 3891–3902.

[21] Alter H J, Eichberg J W, Masur H, Saxinger W C,
Gallo R, Macher A M, Lane H C and Fauci A S
1984 Transmission of HTLV-III infection from human
plasma to chimpanzees: An animal model for AIDS;
Science 226 549–552.

[22] Novembre F J, Saucier M, Anderson D C, Klumpp S A,
O’Neil S P, Brown C R I, Hart C E, Guenthner P C,
Swenson R B and McClure H M 1997 Development of
AIDS in a chimpanzee infected with human immunod-
eficiency virus type 1; J. Virol. 71 4086–4091.

[23] Juompan L Y, Hutchinson K, Montefiori D C,
Nidtha S, Villinger F and Novembre F J 2008 Analysis
of the immune responses in chimpanzees infected with
HIV Type 1 isolates; AIDS Res. Hum. Retroviruses 24
573–586.

[24] Gagneux P and Muchmore E A 2004 The chimpanzee
model: Contributions and considerations for studies of
hepatitis B virus; Methods Mol. Med. 96 289–318.

[25] Blacklock B and Adler S 1922 A parasite resembling
Plasmodium falciparum in a chimpanzee; Ann. Trop.
Med. Parasitol. 160 99–106.

[26] Adler S 1923 Malaria in chimpanzees in Sierra Leone;
Ann. Trop. Med. Parasitol. 17 13–19.

[27] Bray R S 1958 Studies on malaria in chimpanzees:
VI. Laverania falciparum; Am. J. Trop. Med. Hyg. 7
20–24.

[28] Schmidt R E 1978 Systemic pathology of chimpanzees;
J. Med. Primatol. 7 274–318.

[29] Hansen J F, Alford P L and Keeling M E 1984 Diffuse
myocardial fibrosis and congestive heart failure in an
adult male chimpanzee; Vet. Pathol. 21 529–531.

[30] Lammey M L, Baskin G B, Gigliotti A P, Lee D R,
Ely J J and Sleeper M M 2008 Interstitial myocar-
dial fibrosis in a captive chimpanzee (Pan troglodytes)
population; Comp. Med. 58 389–394.



EVOLUTIONARY PERSPECTIVES ON THE ORIGINS OF DISEASE 401

[31] Lammey M L, Lee D R, Ely J J and Sleeper M M 2008
Sudden cardiac death in 13 captive chimpanzees (Pan
troglodytes); J. Med. Primatol. 37 Suppl 1 39–43.

[32] Varki N, Anderson D, Herndon J G, Pham T,
Gregg C J, Cheriyan M, Murphy J, Strobert E, Fritz J,
Else J G and Varki A 2009 Heart disease is common
in humans and chimpanzees, but is caused by differ-
ent pathological processes; Evolutionary Applications
2 101–112.

[33] Seiler B M, Dick E J J, Guardado-Mendoza R,
Vandeberg J L, Williams J T, Mubiru J N and
Hubbard G B 2009 Spontaneous heart disease in the
adult chimpanzee (Pan troglodytes); J. Med. Primatol.
38 51–58.

[34] Byrd L G and Prince G A 1997 Animal models of res-
piratory syncytial virus infection; Clin. Infect. Dis. 25
1363–1368.

[35] Snyder M H, London W T, Tierney E L, Maassab H F
and Murphy B R 1986 Restricted replication of a cold-
adapted reassortant influenza A virus in the lower res-
piratory tract of chimpanzees; J. Infect. Dis. 154(2)
370–371.

[36] Murphy B R, Hall S L, Crowe J, Collins P, Subbarao K,
Connors M, London W T and Chanock R 1992 The
use of chimpanzees in respiratory virus research In:
Chimpanzee conservation and public health: Environ-
ments for the future; (eds) Erwin J and Landon J C,
Diagnon/Bioqual, Inc, Rockville, Maryland, 21–27.

[37] Vimr E R, Kalivoda K A, Deszo E L and Steen-
bergen S M 2004 Diversity of microbial sialic acid
metabolism; Microbiol. Mol. Biol. Rev. 68 132–153.

[38] Severi E, Hood D W and Thomas G H 2007 Sialic acid
utilization by bacterial pathogens; Microbiology 153
2817–2822.

[39] Gearing M, Rebeck G W, Hyman B T, Tigges J and
Mirra S S 1994 Neuropathology and apolipoprotein E
profile of aged chimpanzees: Implications for Alzheimer
disease; Proc. Natl. Acad. Sci. USA 91 9382–9386.

[40] Gearing M, Tigges J, Mori H and Mirra S S 1997
Beta-amyloid (A beta) deposition in the brains of aged
orangutans; Neurobiol. Aging 18 139–146.

[41] Rosen R F, Farberg A S, Gearing M, Dooyema J,
Long P M, Anderson D C, Davis-Turak J, Coppola G,
Geschwind D H, Pare J F, Duong T Q, Hopkins W D,
Preuss T M and Walker L C 2008 Tauopathy
with paired helical filaments in an aged chimpanzee;
J. Comp. Neurol. 509 259–270.

[42] McMaster M T, Zhou Y and Fisher S J 2004 Abnormal
placentation and the syndrome of preeclampsia; Semin.
Nephrol. 24 540–547.

[43] Taylor R N and de Groot C J 2004 Pre-eclampsia and
vascular activation in women and non-human primates;
Gynecol. Obstet. Invest. 57 38–40.

[44] Rockwell L C, Vargas E and Moore L G 2003
Human physiological adaptation to pregnancy: Inter-
and intraspecific perspectives; Am. J. Hum. Biol. 15
330–341.

[45] Martin R D 2003 Human reproduction: A compar-
ative background for medical hypotheses; J. Reprod.
Immunol. 59 111–135.

[46] Chez R A 1976 Nonhuman primate models of toxemia
of pregnancy; Perspect Nephrol. Hypertens. 5 421–424.

[47] Graham C E 1979 Reproductive function in aged
female chimpanzees; Am. J. Phys. Anthropol. 50
291–300.

[48] Wich S A, Utami-Atmoko S S, Setia T M, Rijksen H D,
Schurmann C, van Hooff J A and van Schaik C P

2004 Life history of wild Sumatran orangutans (Pongo
abelii); J. Hum. Evol. 47 385–398.

[49] Atsalis S and Videan E 2009 Reproductive aging in
captive and wild common chimpanzees: Factors influ-
encing the rate of follicular depletion; Am. J. Primatol.
71 271–282.

[50] Lacreuse A, Chennareddi L, Gould K G, Hawkes K,
Wijayawardana S R, Chen J, Easley K A and
Herndon J G 2008 Menstrual cycles continue into
advanced old age in the common chimpanzee (Pan
troglodytes); Biol. Reprod. 79 407–412.

[51] Emery Thompson M, Jones J H, Pusey A E,
Brewer-Marsden S, Goodall J, Marsden D,
Matsuzawa T, Nishida T, Reynolds V, Sugiyama Y
and Wrangham R W 2007 Aging and fertility patterns
in wild chimpanzees provide insights into the evolution
of menopause; Curr. Biol. 17 2150–2156.

[52] Taillon-Miller P, Bauer-Sardina I, Zakeri H, Hillier L,
Mutch D G and Kwok P Y 1997 The homozygous com-
plete hydatidiform mole: A unique resource for genome
studies; Genomics 46 307–310.

[53] Berkowitz R S and Goldstein D P 2009 Current man-
agement of gestational trophoblastic diseases; Gynecol.
Oncol. 112 654–662.

[54] Hyrich K L, Kim T H, Payne U, Zhang X, Chiu B,
Mehren K and Inman R D 2004 Common aspects of
human and primate seronegative arthritis; J. Rheuma-
tol. 31 2300–2304.

[55] Hompes P G and Mijatovic V 2007 Endometriosis: The
way forward; Gynecol. Endocrinol. 23 5–12.

[56] Nezhat C, Littman E D, Lathi R B, Berker B,
Westphal L M, Giudice L C and Milki A A 2005 The
dilemma of endometriosis: Is consensus possible with
an enigma? Fertil Steril. 84 1587–1588.

[57] Giudice L C and Kao L C 2004 Endometriosis; Lancet
364 1789–1799.

[58] Barrier B F, Allison J, Hubbard G B, Dick E J J,
Brasky K M and Schust D J 2007 Spontaneous ade-
nomyosis in the chimpanzee (Pan troglodytes): A first
report and review of the primate literature: Case
report; Hum. Reprod. 22 1714–1717.

[59] Varki A 2007 Glycan-based interactions involving ver-
tebrate sialic-acid-recognizing proteins; Nature 446
1023–1029.

[60] Varki A 2009 Multiple changes in sialic acid bio-
logy during human evolution; Glycoconj. J. 26
231–245.

[61] Altheide T K, Hayakawa T, Mikkelsen T S, Diaz S,
Varki N and Varki A 2006 System-wide genomic and
biochemical comparisons of sialic acid biology among
primates and rodents: Evidence for two modes of rapid
evolution; J. Biol. Chem. 281 25689–25702.

[62] Martin M J, Rayner J C, Gagneux P, Barnwell J W and
Varki A 2005 Evolution of human-chimpanzee differ-
ences in malaria susceptibility: Relationship to human
genetic loss of N-glycolylneuraminic acid; Proc. Natl.
Acad. Sci. USA 102 12819-12824.

[63] Tangvoranuntakul P, Gagneux P, Diaz S, Bardor M,
Varki N, Varki A and Muchmore E 2003 Human
uptake and incorporation of an immunogenic nonhu-
man dietary sialic acid; Proc. Natl. Acad. Sci. USA
100 12045–12050.

[64] Nguyen D H, Tangvoranuntakul P and Varki A 2005
Effects of natural human antibodies against a nonhu-
man sialic acid that metabolically incorporates into
activated and malignant immune cells; J. Immunol.
175 228–236.



402 AJIT VARKI

[65] Bardor M, Nguyen D H, Diaz S and Varki A
2005 Mechanism of uptake and incorporation of the
non-human sialic acid N-glycolylneuraminic acid into
human cells; J. Biol. Chem. 280 4228–4237.

[66] Hedlund M, Tangvoranuntakul P, Takematsu H,
Long J M, Housley G D, Kozutsumi Y, Suzuki A,
Wynshaw-Boris A, Ryan A F, Gallo R L, Varki N and
Varki A 2007 N-glycolylneuraminic acid deficiency in
mice: Implications for human biology and evolution;
Mol. Cell Biol. 27 4340–4346.

[67] Padler-Karavani V, Yu H, Cao H, Chokhawala H,
Karp F, Varki N, Chen X and Varki A 2008 Diver-
sity in specificity, abundance, and composition of
anti-Neu5Gc antibodies in normal humans: Potential
implications for disease; Glycobiology 18 818–830.

[68] Hedlund M, Padler-Karavani V, Varki N M and
Varki A 2008 Evidence for a human-specific mechanism
for diet and antibody-mediated inflammation in car-
cinoma progression; Proc. Natl. Acad. Sci. USA 105
18936–18941.

[69] Diaz S L, Padler-Karavani V, Ghaderi D,
Hurtado-Ziola N, Yu H, Chen X, Brinkman-Van der
Linden E C, Varki A and Varki N M 2009 Sensitive
and specific detection of the non-human sialic acid
N-glycolylneuraminic acid in human tissues and bio-
therapeutic products; PLoS ONE 4 e4241.

[70] Byres E, Paton A W, Paton J C, Lofling J C,
Smith D F, Wilce M C, Talbot U M, Chong D C, Yu H,
Huang S, Chen X, Varki N M, Varki A, Rossjohn J
and Beddoe T 2008 Incorporation of a non-human gly-
can mediates human susceptibility to a bacterial toxin;
Nature 456 648–652.

[71] Varki A and Angata T 2006 Siglecs – the major sub-
family of I-type lectins; Glycobiology 16 1R–27R.

[72] Crocker P R, Paulson J C and Varki A 2007 Siglecs and
their roles in the immune system; Nat. Rev. Immunol.
7 255–266.

[73] Nguyen D H, Hurtado-Ziola N, Gagneux P and Varki A
2006 Loss of Siglec expression on T lymphocytes dur-
ing human evolution; Proc. Natl. Acad. Sci. USA 103
7765–7770.

[74] Brinkman-Van der Linden E C, Hurtado-Ziola N,
Hayakawa T, Wiggleton L, Benirschke K, Varki A and
Varki N 2007 Human-specific expression of Siglec-6 in
the placenta; Glycobiology 17 922–931.

[75] Winn V D, Gormley M, Paquet A C, Kjaer-Sorensen K,
Kramer A, Rumer K K, Haimov-Kochman R, Yeh R F,
Overgaard M T, Varki A, Oxvig C and Fisher S J
2009 Severe preeclampsia-related changes in gene
expression at the maternal-fetal interface include
sialic acid-binding immunoglobulin-like lectin-6 and
pappalysin-2; Endocrinology 150 452–462.

[76] Eaton S B, Konner M and Shostak M 1988 Stone agers
in the fast lane: Chronic degenerative diseases in evo-
lutionary perspective; Am. J. Med. 84 739–749.

[77] Richards M P 2002 A brief review of the archaeological
evidence for palaeolithic and neolithic subsistence; Eur.
J. Clin. Nutr. 56 1262–1278.

[78] Speakman J R 2004 Obesity: The integrated roles of
environment and genetics; J. Nutr. 134 2090S–2105S.

[79] O’Keefe J H J and Cordain L 2004 Cardiovascular dis-
ease resulting from a diet and lifestyle at odds with
our paleolithic genome: How to become a 21st-century
hunter-gatherer; Mayo Clin. Proc. 79 101–108.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


