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Thyroid Autoantibodies Are Rare in Nonhuman Great
Apes and Hypothyroidism Cannot Be Attributed to
Thyroid Autoimmunity
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The great apesinclude, in addition to Homo, the genera Pongo (orangutans), Gorilla (gorillas), and
Pan, the latter comprising two species, P. troglodytes (chimpanzees) and P. paniscus (bonobos).
Adult-onset hypothyroidism was previously reported in 4 individual nonhuman great apes. How-
ever, there is scarce information on normal serum thyroid hormone levels and virtually no data for
thyroid autoantibodies in these animals. Therefore, we examined thyroid hormone levels and TSH
in all nonhuman great ape genera including adults, adolescents, and infants. Because hypothy-
roidism in humans is commonly the end result of thyroid autoimmunity, we also tested healthy and
hypothyroid nonhuman great apes for antibodies to thyroglobulin (Tg), thyroid peroxidase (TPO),
and the TSH receptor (TSHR). We established a thyroid hormone and TSH database in orangutans,
gorillas, chimpanzees, and bonobos (447 individuals). The most striking differences are the greatly
reduced free-T, and free-T; levels in orangutans and gorillas vs chimpanzees and bonobos, and
conversely, elevated TSH levels in gorillas vs Pan species. Antibodies to Tg and TPO were detected
in only 2.6% of adult animals vs approximately 10% in humans. No animals with Tg, TPO, or TSHR
antibodies exhibited thyroid dysfunction. Conversely, hypothyroid nonhuman great apes lacked
thyroid autoantibodies. Moreover, thyroid histology in necropsy tissues was similar in euthyroid
and hypothyroid individuals, and lymphocytic infiltration was absent in 2 hypothyroid animals. In
conclusion, free T, and free T are lower in orangutans and gorillas vs chimpanzees and bonobos, the
closest living human relatives. Moreover, thyroid autoantibodies are rare and hypothyroidism is un-
related to thyroid autoimmunity in nonhuman great apes. (Endocrinology 154: 4896-4907, 2013)

he great apes include, in addition to the genus Homo,
Tthe genera Gorilla (gorillas), Pongo (orangutans), and
Pan (chimpanzees and bonobos). For simplicity, in this
report we will use the term “great apes” to represent the
nonhuman genera. Based on nucleotide divergences, hu-
mans are closest to chimpanzees, followed by gorillas, and
are least similar to orangutans (1). Indeed, molecular stud-
ies demonstrate that chimpanzees and bonobos (Pan trog-
lodytes and Pan paniscus, respectively) are the closest liv-
ing relatives of humans (see, for example, Ref. 2). Great
apes share some physiologic characteristics with humans
such as conservation of glycosylation (3), similar cytokine
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and chemokine induction in chimpanzees (4), and the
presence of Pyrin-only 2 protein in chimpanzees (5). How-
ever, differences have also been observed in thyroid hor-
mone metabolism (3) and elevated levels of phytannic acid
in erythrocytes (6, 7).

The thyroid disorders Graves’ disease and Hashimoto’s
thyroiditis are the most common organ-specific autoim-
mune diseases affecting humans. Despite the closeness of
great apes to humans, to our knowledge, thyroid autoim-
munity has not been documented in the few reports of
thyroid dysfunction in these animals. Hyperthyroidism
treated in a gorilla with antithyroid drugs for many years

Abbreviations: FT3, free Ts; FTy, free T,; HCV, hepatitis C virus; SSP, species survival plan;
TBI, inhibition of TSH binding to the receptor; Tg, thyroglobulin; TgAb, Tg antibody; TPO,
thyroid peroxidase; TPOAb, TPO antibody; TSHR, TSH receptor; TT3, total T5; TT,, total Ty
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was of unknown etiology (8). Also to our knowledge, hy-
pothyroidism of adult onset has been reported in only 4
great apes: a chimpanzee (9), a gorilla (10, 11), and 2
orangutans (12, 13). Hypothyroidism in humans is, in
most instances, the end result of autoimmunity against
thyroid autoantigens, thyroglobulin (Tg) and thyroid per-
oxidase (TPO) (reviewed in Refs. 14 and 15). In humans,
hypothyroidism with thyroid atrophy is rarely caused by
antibodies to the thyrotropin receptor (TSHR) that block
the action of TSH (16, 17). Autoantibodies to Tg and TPO
were undetectable in the hypothyroid chimpanzee (9). No
thyroid autoantibody measurements were reported for the
other 3 hypothyroid great apes (10-13). Previously, be-
cause of this paucity of information in the literature, we
contacted 9 primate centers and zoos in North America. At
that time, we learned of about 1 gorilla in the Bronx zoo
and 2 orangutans in the Atlanta zoo being treated with
L-T, for spontaneous thyroid dysfunction (18).

Because autoimmune thyroiditis is commonly subclin-
ical in humans (see, for example Ref. 19) and may not be
suspected in great apes, in the present study we greatly
expanded our inquiries, not only for information, but spe-
cifically to obtain as many great ape sera as possible for
analysis in our laboratory, an undertaking that spanned
nearly 3 years. Our data on sera from more than 400 great
apes, both euthyroid and hypothyroid, are the first to doc-
ument autoantibodies to Tg and TPO in these animals,
although their prevalence is low relative to humans. In
order to correlate thyroid autoantibodies with thyroid
dysfunction, we also assayed the sera for thyroid hor-
mones and TSH. Remarkably, hypothyroidism, when
present, was not associated with Tg or TPO autoantibod-
ies, and all animals with autoantibodies were euthyroid.
Aside from information on thyroid autoantibodies, our
data on serum thyroid hormone and TSH levels in great
apes, by far the largest and most comprehensive data set
for these near-human genera, provides reference values,
presently lacking, to assist in the interpretation of thyroid
hormone levels in hypothyroid animals before and after
treatment with 1-T,.

Materials and Methods

Great ape sera

Blood samples are drawn from great apes in the course of
routine physical examinations as well as from individual apes at
times of ill health. Aliquots of “left-over” sera were generously
provided to us as follows: 1) chimpanzee sera (Dana Hassel-
schwert, University of Louisiana at Lafayette); 2) sera from go-
rillas, orangutans, and bonobos (Ryan S. DeVoe, North Caro-
lina Zoological Park; Hayley Murphy, Zoo Atlanta; Michael T.
Barrie, Columbus Zoo and Aquarium; Jay Peterson, Brookfield
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Z00; Jim Grillo, Audubon Zoo; Roy B. Burns, Louisville Zoo;
Jennifer D’Agostino and Julia Jones, Oklahoma City Zoo; Ma-
rie-Josee Limoges, Granby Zoo; Syd Tanner, Little Rock Zoo;
Donna laleggio, Philadelphia Zoo; Stephanie Braccini, Saint
Louis Zoological Park; and Raven Jackson, Chimp Haven. A
primate “archive”, including sera from 53 gorillas, 52 orang-
utans, and 18 bonobos, compiled to study antibodies to herpes
virus (20), was generously given to us by Richard Eberle (Vet-
erinary Pathology, Oklahoma State University).

Clinical data and information on age groups and great ape
diet came from the above individuals and from: Francois Vil-
linger (Yerkes National Primate Research Center); Rita McMa-
namon (University of Georgia College of Veterinary Medicine);
Maria Franke and Graham J. Crawshaw (Toronto Zoo); Lisa
Argilla (Wellington Zoo); Gay Edwards Reinertz (Zoological
Society of Milwaukee), Pam Dennis, Kristen Lucas, and Elena H.
Less (Cleveland Metro-Parks Zoo); Maryanne Tocidlowski and
Lauren L. Howard (Houston Zoo, Inc); Rachel Watkins Rogers
(Zoo Miami); Megan Elder (Como Park Zoo); Dana Hatcher
(Columbus Zoo and Aquarium), and Lori Perkins (chair of the
Orangutan Species Specific Survival Plan, Zoo Atlanta). Other
information, advice, and support were provided by: Gregory
Brent (University of California Los Angeles); Catherine Bresee
(Cancer Institute, Cedars-Sinai Medical Center); John D. Young
(Cedars-Sinai Medical Center); and Elizabeth Ford (Association
of Primate Veterinarians).

These studies were performed with the approval of the
Orangutan Species Survival Plan (SSP) and the Gorilla SSP and
in accordance with the regulations of the individual zoos, or the
New Iberia Research Center that house the great apes. Sera and
thyroid tissue from a deceased gorilla diagnosed with, and
treated for, hypothyroidism in Canada (10, 11) was imported on
a CITES I permit obtained from the US Fish and Wildlife Service.

Individual chimpanzees are indicated by identity (ID) num-
bers and individual gorillas and orangutans are indicated by the
first 2 initials of their names followed by their studbook numbers
[www.dewarwildlife.org/jrdavis-gorilla-studbook/; 2010 Inter-
national Studbook of the Orangutan(Pongo Pygmaeus, Pongo
Abelii) provided by Megan Elder, Como Zoo & Conservatory).

Great ape species

Eleven gorillas studied were western gorillas (Gorilla gorilla).
Sera from Bornean and Sumatran orangutans (Pongo pygmeus
and Pongo abelli, respectively) were available, as well as sera
from some hybrid orangutans. Orangutan data from both spe-
cies and hybrids were pooled. Data were analyzed separately for
chimpanzees (Pan troglodytes) and bonobos (Pan paniscus). For
simplicity, the 4 groups of great apes are referred to by their
common names.

Thyroid hormones

Sera were tested for total and free T, (T T, FT,), total and free
T, (TT;, FT5) and TSH using commercially available kits for
humans (Siemans; formerly Diagnostic Products Corp). Values
were determined using kit standards and reported as micro-
grams/dL (TT,), nanograms/dL (FT,, TTj), picograms/dL (FT3),
and microunits/mL (TSH). Data for thyroid hormones and TSH
were analyzed according to the appropriate age groups for each
species of great ape (Supplemental Table 1 published on The
Endocrine society’s Journals Online web site at http://endo.
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endojournals.org) and according to sex for adult orangutans,
gorillas, and chimpanzees; bonobo data were pooled for adult
males and females.

Background to measuring thyroid autoantibodies
in nonhuman great apes

Reports of thyroid autoantibody measurements, to our
knowledge, have only been performed in one nonhuman great
ape and in rhesus monkeys: 1) Autoantibodies to Tg or TPO were
undetectable (assays not specified) in a hypothyroid chimpanzee
(9);2) In 3 rhesus macaques (Macaca mulatta) with compensated
goitrous hypothyroidism, microsomal antibodies (TPOADbs)
were absent (titer < 1:100) but Tg antibodies (TgAbs) were pres-
entin 1 animal (titer 1:1600) (21). Based on the publication date
(1985), expression of the data as “titers” and the term “antimi-
crosomal,” it is likely that human hemagglutination assays were
used; 3) In rhesus macaques with hyperthyroidism due to multi-
nodular goiter, thyroid stimulating antibodies were tested by a
clinical laboratory (Endocrine Sciences), presumably using hu-
man assays, and found to be undetectable (22).

Amino acid homology between nonhuman great ape Tg,
TPO, and the TSHR is extremely high, greater than 97% in
virtually all cases (88 % for a partial Tg sequence in orangutans;
Supplemental Table 2). Detection of TgAbs in a rhesus monkey
is consistent with 92% homology between Tg in humans and
Macaca mulatta (Supplemental Table 2). To put these high levels
of homology in perspective, it is worth noting that, because
mouse and human TPO are only 74% homologous, the use of
murine TPO was critical for detecting spontaneously arising
TPO antibodies in NOD.H2h4 mice (23).

Antibodies to Tg and TPO

Tg antibodies (TgAbs) and TPO antibodies (TPOADbs) were
measured by ELISA. Human Tg was purchased from EMD Bio-
sciences. Recombinant human TPO ectodomain was generated
from CHO cells overexpressing TPO and purified by affinity
chromatography as previously described (24). ELISA plates were
coated with Tg at 5 pug/mL and TPO at 1 ug/mL. Great ape sera
were diluted 1:100 and antibody binding was detected using
horseradish peroxidase-labeled protein-A (Calbiochem). This
approach had previously been used to demonstrate antibodies to
herpes virus in all 4 species of great apes (20). The data for TgAbs
and TPOADbs are expressed as optical density at 490 nm (OD ,4,).
Following this initial screen, sera with ELISA OD values > 0.8
were retested using goat antimonkey-IgG horseradish peroxi-
dase (AbD Serotec) as the second antibody. Both assays included
in-house standard human Hashimoto sera positive for TgAbs
and TPOADs as well as a negative human serum control. Data
from different assays were normalized according to the TgAb (or
TPOAD) standards.

Antibodies to the TSHR

The presence of antibodies to the TSHR was investigated by
measuring inhibition of TSH binding to the receptor (TBI) using
two kits: the TRAD kit based on porcine TSHR (Kronus) and a
similar kit utilizing the human TSHR (Alpco). Sera were tested
according to the kit protocols (50 uL for the TRAD kit; 100 uL
for the human TSHR kit). All assays included, in addition to the
kit standards, an “in-house” Graves’-positive serum, sera from
hypothyroid great apes, and a large number of euthyroid control
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Figure 1. Thyroid hormones and TSH in adult orangutans, gorillas,
chimpanzees, and bonobos Values for TT,, FT,, TT5, FT5, TSH, and the
ages of the great apes studied are depicted as box plots. This
presentation shows the median, 25th, and 75th percentiles and, as
error bars, the 10th and 90th percentiles; symbols indicate the values
for "outliers,” O, G, Ch, and Bo indicate orangutans, gorillas,
chimpanzees, and bonobos; the numbers of great apes studied are
included in parentheses. Hu indicates the range for the RIA kits in
euthyroid humans. Significant differences (tested by ANOVA; P < .05):
For TT4, # indicates values lower in orangutans than in chimpanzees;
for F-T4 and F-T3, * indicates values much lower in orangutans and
gorillas than in chimpanzees; for TSH, * indicates values higher in
gorillas and orangutans than in chimpanzees or bonobos.

great ape sera. Data from the porcine TSHRs are expressed as
TBI (% inhibition of TSH binding) and for the human TSHR as
International Units/L.

Thyroid histology

Thyroid tissue obtained at autopsy was available from 2 hy-
pothyroid gorillas (Rita McManamon, University of Georgia
College of Veterinary Medicine; and Marie-Josee Limoges,
Granby Zoo), and euthyroid gorillas (Francois Villinger, Yerkes
National Primate Research Center; and Nancy Lung, Fort Worth
Z00). A histologic slide of thyroid tissue from a euthyroid gorilla
was provided by Roy Burns (Louisville Zoo). All tissues had been
fixed in formalin and processed to paraffin blocks, and serial
sections were stained with hematoxylin and eosin.

Antibodies to bepatitis C virus (HCV) and serum vitamin
D

Antibodies to HCV were measured using the human anti-
hepatitis C virus antibody ELISA kit (TSZ ELISA), and vitamin
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D levels were measured using a 25-OH-Vitamin-D-ELISA kit
(Eagle Biosciences, Inc.).

Statistics

Multiple comparisons were performed using ANOVA
(ANOVA on ranks). In some cases, the statistical significance or
differences were determined by Mann Whitney rank sum test or
by Student’s ¢ test (when normally distributed). Correlation was
tested by a nonparametric test, Spearman rank. Tests were per-
formed using SigmaStat (Jandel Scientific Software). The Wald
Binomial proportion test was used to determine the significance
of a difference between our observed proportions of thyroid au-
toantibodies vs published rates in humans.

Results

Reference values for thyroid hormones and TSH in
great apes without thyroid dysfunction

Evaluation of the clinical significance of thyroid auto-
antibodies in apparently normal animals is only possible in
the context of normal reference values for thyroid hor-
mones and TSH, with only limited data available at the
onset of our study. In addition, it was possible that these
values would differ among the great ape genera. We, there-
fore, determined serum TT,, FT,, T;, FT5 and TSH in
more than 400 sera, excluding sera from the 11 great apes
known to be hypothyroid.

Serum TT, and TTj levels were comparable in adult
gorillas, chimpanzees, and bonobos although TT, values
were slightly lower in orangutans than in chimpanzees
(Figure 1, A and C; P < .05, ANOVA). In contrast, there
were striking differences in free thyroid hormone levels for
2 of the 4 great ape genera: FT, and FT; levels were con-
siderably lower in both orangutans and gorillas than in
chimpanzees or bonobos (Figure 1, B and D; P < .05,
ANOVA). TSH levels were significantly higher in orang-
utans, and even higher in gorillas, than in chimpanzees and
bonobos (Figure 1E). TSH and FT, levels were inversely
correlated for the combined population of adult chimpan-
zees, gorillas, and orangutans (n = 285 animals; Spear-
mann Rank order correlation; r, — 0.457; P <.001). The
adult ages for the 4 groups of great apes studied did not
differ significantly (Figure 1F), despite slight differences in
the adult age limits for the genera of great apes (Supple-
mental Table 1).

Although we did not restandardize these RIAs human
sera (for which reason we could not perform a statistical
analysis) it was interesting to compare our data for great
apes with those provided by the manufacturer for euthy-
roid humans (Figure 1, A-D). Serum TT,, FT,, and TT;
appeared to be higher in humans than in all 4 great ape
genera (Figure 1, A and C). In contrast, chimpanzee and
bonobo serum FT, and FT; values exceeded those in hu-
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Figure 2. TgAbs and TPOADbs in great apes OD,q, values in ELISA
were measured using plates coated with human Tg or human TPO and
antibody binding was detected using horseradish peroxidase-labeled
protein A. The data are shown as box plots: median, 10th, 25th, 75th,
and 90th percentiles; symbols indicate values for “outliers.” Values for
males (M), females (F), and adolescents/teenagers or infants (T/Inf) are
provided separately. O, G, Ch, Bo, and Hu: orangutans, gorillas,
chimpanzees, and bonobos; the numbers of great apes studied is in
parentheses. The broken lines represents the “cut-off” for positivity
using antimonkey 1gG (labeled with horseradish peroxidase) described
in the text.

Chimpanzees

mans (Figure 1, B and D), and TSH values in gorillas were
far higher than in humans (Figure 1E). A previous com-
parison of T, and T; in chimpanzees demonstrated differ-
ences between great ape and human thyroid hormone me-
tabolism (3).

In general, our present data are comparable to earlier
published studies with smaller numbers of great apes, as
well as with unpublished values from 3 zoos (Supplemen-
tal Tables 3A and 3B). In particular, the lower FT, and FT;
values that we found for gorillas vs bonobos was also
observed in data from Columbus Zoo (Supplemental Ta-
ble 3A). The biggest discrepancies in the various studies
are for TSH in bonobos (Supplemental Tables 3A and 3B).
Such differences could be explained by varying cross-re-
activity between different human-specific TSH antibodies
for great ape TSH.

Gender and age differences in thyroid hormone
and TSH

We observed a few statistically significant differences
between adult males vs adult females and/or adults vs teen-
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agers plus infants within the 4 groups of great apes (Sup-
plemental Figures 1 and 2). Because of the greater number
of chimpanzee sera available to us for analysis, we could
subdivide the thyroid hormone and TSH data into the
following groups: adult males and females, old males and
females (not included in the former groups), teenagers and
infants (Supplemental Figure 3; age grouping from sup-
plemental Table 1).

Compared with markedly lower FT, and FT3, and el-
evated TSH, levels in orangutans and gorillas vs chimpan-
zees and bonobos (Figure 1), most gender and age differ-
ences were small (Supplemental Figures 1 and 2). The most
striking observation was for TSH in chimpanzees in which
the highest values were observed for infants and particu-
larly teenagers (Supplemental Figure 3, panel C). These
findings are consistent with human data showing highly
variable values for TSH, FT,, and FT5 in infants and ad-
olescents (25).

Autoantibodies to Tg and TPO are present in a
small number of euthyroid great apes

We screened unselected sera from the following great
apes for autoantibodies to Tg or TPO: 52 orangutans, 52
gorillas, 322 chimpanzees, and 20 bonobos (including
adults, adolescents, and infants). Signals for antibody
binding to Tg- or TPO-coated ELISA plates, detected us-
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ing Protein A, were generally low, but potentially positive
in many instances (Figure 2). However, when potentially
positive sera were retested (with appropriate negative con-
trols) using goat antimonkey as the second antibody, 4
sera remained positive for TgAbs and a different set of 4
sera remained positive for TPOAbs (Table 1). Sera were
only positive for TgAbs or TPOAbs at relatively low di-
lution (1:100), except for the single chimpanzee serum
that had extremely high binding detected with Protein A to
Tg (OD > 3.0).

Antibody interaction with the TSHR was tested using
commercially available TSH binding inhibition (TBI) kits,
one utilizing the porcine, the other the human TSHR. With
the porcine TSHR assay, and using the mean + 2 SD for
normal human serum binding as the “cut-off,” none of the
sera from euthyroid orangutans and gorillas were positive
(Figure 3A). Five of 337 chimpanzee sera were marginally
positive, with none comparable to serum from a TSHR
antibody positive Graves’ patient. However, using the hu-
man TSHR kit, no great ape serum attained even a “low
positive” value in the assay (Figure 3B).

Most important, thyroid hormone and TSH levels were
all within the normal range for great ape sera positive for
TgAbs or TPOADbs by ELISA and in the 5 chimpanzee sera
with marginally positive TBI values (Table 1). Similar small

Table 1.
the Normal Range.

Great Apes with TgAbs or TPOAbs (ELISA OD) or High TBI Have Thyroid Hormone and TSH Levels Within

Great ape T, FT, TS FT, TSH TgAbs TBI
Identification M/F Age (ug/dl) (ngidl)  (ng/dl)  (pg/mL)  (nU/mL)  (ELISAOD) TPOAbs (%)
TgAb positive
Orangutans
Be 2604 M 18 3.2 0.6 97.1 1.5 1.1 0.86 neg 12.4
Chimpanzees
97A005 F 15 2.4 1.3 115.1 4.1 1.4 0.70 neg 4.6
A224 F 46 6.0 1.3 62.0 2.8 0.3 1.73 neg 11.4
CB0627 M 31 5.1 1.6 130.9 5.0 0.3 0.80 neg 8.4
TPOAD positive
Orangutans
Feno. 2157 F 23 5.7 0.7 158 3.7 0.5 neg 1.41 14.3
Chimpanzees
93A002 F 19 4.3 1.6 80 2.5 0.9 neg 0.96 10.3
91A021 M 20 5.7 1.2 111 3.5 0.5 neg 1.20 0.0
X161 M 36 8.9 2.3 97 34 0.2 neg 1.15 8.4
High TBI
Chimpanzees
A8A002 F 5 6.5 2.6 121 8.6 0.3 neg neg 28.8
A192D F 29 6.5 1.4 96 2.8 0.2 neg neg 25.3
93A007 F 18 4.3 1.2 76 3.0 0.2 neg neg 25.2
A3A020 M 8 4.1 1.5 127 5.0 0.5 neg neg 24.8
95A016 M 16 6.6 2. 104 7.1 0.1 neg neg 31.2

Orangutans: initials, studbook numbers; chimpanzees: identity numbers. Antibody binding to ELISA plates coated with Tg or TPO detected using
horseradish peroxidase-conjugated antimonkey IgG; neg, negative by ELISA using protein A. Boldface indicates positive levels of TgAb, or TPOAb

or TBI values above the normal range in humans.
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A TBI (porcine TSHR)

B TSHR (human TSHR)
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Figure 3. Inhibition of TSH binding to the porcine TSHR (panel A) or to the human TSHR (panel
B) in great apes The data are shown as box plots: median, 10th, 25th 75th, and 90th
percentiles; symbols indicate values for outliers. O, G, Ch, Bo, and Hu: orangutans, gorillas,
chimpanzees, bonobos, and humans; the number of great apes studied is in parentheses;
separate data are provided for males (M), females (F), and adolescents/teenagers or infants (T/
Inf). The broken line in panel A represents the mean + 2 SD for normal human serum included in

the same assays. +ve, positive; —ve, negative, for TSHR antibodies.

numbers of males and females had detectable TgAbs or TPO-
Abs. No serum was positive for both TgAbs and TPOAbs
and none of the sera with borderline positive TBI levels were
positive for TgAbs or TPOAbs. Overall, TgAbs or TPOAbs
were present in 8 of 305 (2.6 %) adult nonhuman great apes.
Approximately 10% of adults humans are positive for
TgAbs or TPOAbs (see, for example. Ref. 26). Using the

tact information from the Gorilla-
SSP and the Orangutan-SSP) yielded
responses from 32 North American
z00s, and information came indi-
rectly from one zoo in New Zealand.
No cases of hyperthyroidism (other
than iatrogenic) had been observed.
There is a single report of hyperthyroidism of unknown
etiology in a male gorilla (Benno), born in the wild and
initially kept in a German zoo (26). Unfortunately, Benno
(studbook no. 0119; www.dewarwildlife.org/jrdavis-
gorilla-studbook/) had no offspring that would have been
interesting to follow for possible thyroid dysfunction.

Table 2. Thyroid Hormone and TSH Levels in Great Apes Before and After Treatment With 1-T, for Hypothyroidism.
Before L-T, After L-T,
Age TT, FT, TS FT5 TSH Age TT, FT, TS FT5 TSH
(y)  (uwo/dl) (ng/dl) (ng/dl)  (pg/mL) (uU/mL)  (yn)  (uwg/dl)  (ng/dl)  (ng/dl)  (pg/ml)  (wU/ml)
Orangutans
Ma (F) 35 5.0 0.5 71 1.6 6.7 43 14.3 2.4 184 4.7 <0.2
42 3.7 0.3 56 1.3 2.8 45 9.2 1.5 35 0.6 <0.2
48 7.5 0.7 42 1.2 <0.2
Mi (F) 13 3.1 0.4 84 2.4 0.4 18 7.3 0.8 153 5.1 0.4
Bi (F) 40 1.6 0.3 70 2.1 5.6 410 7.5 1.5 89 1.9 0.8
413 38 0.8 55 1.5 0.4
Gorillas
An (M) 26 3.2 0.6 98 1.8 8.0 27 5.4 1.2 107 2.4 <0.2
32 6.5 1.7 60 1.8 4.3
Ni (F) 20 0.9 11.3 20 9.1 1.5 119 2.0 <0.2
28 9.3 1.9 83 2.1 2.2
Ca(F) 27 9.6 1.3 128 2.5 <0.2
28 12.0 1.3 97 1.9 <0.2
Ki (F) 28 16.0 3.1 73 2.7 <0.2
33 9.8 1.9 67 1.6 3.3
Nd (F) 17 3.0
Bonobos
Su (F) 19 3.8 0.9 53 1.0 04 30.0 18.3 1.5 186 5.1 <0.2
La(h* 19 4.8 1.2 98 1.6 0.3 30.5 9.0 2.2 95 3.5 <0.2
31.0 7.0 1.0 106 2.7 0.9
Chimpanzee
Va 42 2.4 1.8 1.1

Studbook numbers: orangutans Ma 449; Mi 2500; Bi 1106; gorillas An 0891; Ni 1306; Ca 0305; Ki 0680; Nd 1423; bonobos Su 115; La 116.
Boldface indicates values outside 95% confidence limits for euthyroid great apes of the same genus. Italics indicate pretreatment data for gorilla Ni

from Michael Barrie, Columbus Zoo (serum not available to us).
@ Receiving L-T, to improve fertility.
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Goiter has been described in hypothyroid rhesus
monkeys (21). We are not aware of reports on goiter in
nonhuman great apes but one of the authors (C.L.C.)
recently observed goiter in a 21-year-old female chim-
panzee that was euthanized due to bacterial peritonitis.
At autopsy, the thyroid gland was diffusely enlarged
and nodular; the total thyroid weight was 44.8 g com-
pared with 10.3 g in a 31-year-old normal female (~4
times normal size).

We were informed of 11 adult great apes and one
with congenital hypothyroidism currently being treated
with 1-T,. Sera were available from 10 of these 11 adults
including an orangutan (Ma; Studbook no. 449) previ-
ously reported (13). We also analyzed sera from a de-
ceased hypothyroid gorilla (Ca; Studbook no. 0305) (9,
10) drawn from the animal subsequent to these reports.
Before treatment with L-T,, sera (when available) had
elevated TSH and low TT, levels (Table 2). After treat-
ment, some great apes had elevated TT, and undetect-
able TSH levels. These findings illustrate the difficulty
of adjusting the L-T, dose to restore euthyroidism in the
absence of established normal values and guidelines for
thyroid hormone levels in normal great apes, particu-
larly in the case of TSH, for which there are no assays
specific for great ape TSH.

Hypothyroid great apes lack thyroid autoantibodies
and thyroid lymphocytic infiltration

Before and/or after treatment with L-T,, sera from hy-
pothyroid great apes were negative for binding to Tg or

Endocrinology, December 2013, 154(12):4896-4907

TPO in ELISA and were negative for TSHR antibodies in
2 different assays (Table 3).

Thyroid histology was examined in autopsy tissues
available from 2 gorillas receiving L-T, for hypothyroid-
ism (Figure 4, A and B). As controls, thyroid tissue was
examined from 4 great apes without thyroid dysfunction
(2 gorillas, 2 orangutans; Figure 4, C-F). All sections re-
veal variable degrees of autolysis, as expected from ma-
terial obtained at necropsy. For both normal and hypo-
thyroid great apes, microscopic findings were similar and
showed variably sized follicles filled with colloid. None of
the tissues had any evidence of interstitial inflammatory
cells.

Factors that could lead to hypothyroidism

Because thyroid autoantibodies were absent in hypo-
thyroid great apes, we sought other potential factors that
could play a role in hypothyroidism. Information on di-
etary iodine and/or goitrogens was not available for the
animals that we studied. However, we tested for HCV and
vitamin D insufficiency. Antibody binding to HCV in hy-
pothyroid great apes was not significantly different from
that observed in euthyroid great apes (Table 4), unlike the
elevated levels in 2 chimpanzees exposed to HCV (D.
Hassleschwert, personal communication). Neither of
these chimpanzees had detectable TgAbs or TPOAbs. In
addition, 25-OH Vitamin D levels in hypothyroid great
apes were not reduced compared with values in euthyroid

Table 3. Antibodies to the TSHR are Negative in Gorillas, Orangutans, Bonobos, and a Chimpanzee Before (B) and/

or After (A) Treatment (Rx) with -T, for Hypothyroidism.

Age TgAb TPOADb TSHR Ab TSHR Ab
(yr) Rx (OD in ELISA) (OD in ELISA) (TBI %) (IU/L)
Orangutans
Ma (F) no. 449 35 B 0.41 0.25 20.97 0.06
50 A 0.25 0.18 6.2° 0.06
Mi (F) no. 2500 13 B 0.42 0.36 9.6 1.0°
18 A 0.36 0.36 7.5 0.4°
Bi (F) no. 1106 40 B 0.07 0.05 1552 1.2°
41 A 0.24 0.22 7.8° 0.9
Gorillas
An (M) no. 0891 17 B 0.10 0.28 16.6 0.5
Ni (F) no. 1306 28 A 0.16 0.22 10.2 0.5
C (F) no. 0305 27 A 0.18 0.03 9.6 0.06
28 A 0.13 0.09 12.3 0.06
31 A 0.08 0.10 nd 0.06
Ki (F) no. 0680 29 A -0.03 0.16 11.5 0.5
33 A —0.06 0.16 0.4 0.2
Nd (F) no. 1423 17 A 0.06 0.16 7.1 nd
Bonobos
Suno. 115 A 0.26 0.12 145° 0.7
Lano. 116 19 B 0.26 0.61 15.6°2 0.1
Chimpanzee
Va 42 A -0.10 0.06 7.1 nd

2 highest TBI; © lowest TBI; nd, not determined. All sera were negative for antibody binding to Tg to Tg or TPO in ELISA.
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Figure 4. Thyroid histology at autopsy from 2 gorillas treated for hypothyroidisim with LT,
(panels A and B) and from 2 gorillas and 2 orangutans without thyroid dysfunction (panels C—F)
Sections were stained with hematoxylin and eosin; bars represent 100 mm. A, Gorilla Pa no.
0191 (age 41 years); B, Gorilla Ca no. 0305 (age 31 years); C, Gorilla Jo no. 0268 (age 49 years);
D, Gorilla Tu no. 0217(age 45 years); E, Orangutan To no. 1510 (age 22 years); F, Orangutan Ji

no. 1510 (age 22 years).

animals in the present study (Table 4) or in previous re-
ports (27-29).

Discussion

To address the question of the occurrence of thyroid au-
toimmunity in great apes, we studied sera from 10 adults
and one deceased animal receiving L-T, treatment. This
group included great apes from each of the 4 genera: 3
orangutans, 5 gorillas, 1 chimpanzee, and 2 bonobos. All
were being treated for adult-onset hypothyroidism except
for one bonobo which was receiving 1-T, for reproductive/
fertility purposes. Hypothyroidism in 2 animals, an orang-
utan (13) and a gorilla (10, 11), had been reported
previously.

Importantly, none of the hypothyroid great apes had
TgAbs or TPOAbs, indicating that the etiology of this hy-
pothyroidism is unlikely to be autoimmune thyroiditis. The
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inability to detect TgAbs or TPOAbs
in these hypothyroid great apes cannot
be attributed to false assay negatives
because these autoantibodies were
clearly detected in a number of euthy-
roid great apes, although with a prev-
alence of 2.6% of adults, significantly
lower than the approximately 10%
that would be expected in the adult hu-
man population (26). No serum had
antibodies to both Tg and TPO. How-
ever, because of the small number of
thyroid autoantibody-positive great
apes, it is not possible to conclude a
difference in the mechanisms leading
to thyroid autoimmunity in humans vs
great apes. In euthyroid humans,
TgAbs or TPOADbs represent markers
of subclinical disease, as indicated by
their correlation with thyroid lympho-
cytic infiltration observed at autopsy
(30, 31). We examined thyroid tissue
from 2 deceased gorillas receiving .- T,
for hypothyroidism. Both lacked lym-
phocytic infiltrates, consistent with
the absence of thyroid autoantibodies
and the likelihood that the etiology of
the hypothyroidism was unrelated to
thyroid autoimmunity.

Turning to hyperthyroidism, our
inquiries yielded no reports of hyper-
thyroidism. Because we did not re-
ceive responses from all institutions,
we cannot conclude that hyperthy-
roidism in great apes has not been observed in North
America. However, hyperthyroidism in these animals is
extremely rare and appears to be confined to a single re-
port of hyperthyroidism of unknown etiology in a male
gorilla (26). Although none of the great apes that we stud-
ied had a history of hyperthyroidism, we assayed most sera
for TSHR autoantibodies using TSH binding inhibition
assays. We were interested in the possible presence of
TSH-blocking antibodies in the hypothyroid great apes.
However, none of the sera from euthyroid or hypothyroid
animals were clearly positive, even when using the human
TSHR kit. Therefore, whether Graves’ disease occurs in
great apes remains an open question, although the answer
is likely to be negative.

Our study raises two interesting questions. First, why is
the prevalence of thyroid autoantibodies lower in great
apes than in humans? Second, what is the basis for hypo-
thyroidism in great apes? Regarding the first question,
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Table 4. Antibodies to Hepatitis C (HCV Ab) and Vitamin D Levels (25-OH-VitD) in Gorillas, Orangutans, and
Chimpanzees Before (B) and After (A) Treatment (Rx) with 1-T4 for Hypothyroidism.

Age HCV Ab 25-OH-Vit
Sex (yr) Rx (pg/mL) D (ng/mL)

Gorilla An (no. 0891) M 17 B 276 7.4

32 A 218 27.1
Gorilla Ni (no. 1306) F 20 B 263 29.3

28 A 318 38.8
Gorilla Ca (no. 0305) F 26 A nd nd
Orangutan Ma (no. 449) F 35 B 175 13.0

50 A 183 21.2
Orangutan Mi (no. 2500) F 13 B 175 50.3

40 A 185 62.1
Orangutan Bi (no. 110) F 15 B 437 40.2

36 A 103 22.7
Bonobo Su (no. 115) F 19 B 289 34.9
Bonobo La (no.116) @ F 19 B 505 22.9

30 A 484 nd
Euthyroid great apes
Mean + se. (n = 21) present study 331 4+ 40°
(n = 31) present study 30.3+ 2.5
Catarrhini (n = 21) 33.8+ 53¢
Orangutans (n = 9) 156 +39¢
Gorillas (n = 25) 16.7 +1.2¢
Chimpanzees (n = 14) 131 +1.4¢
Chimpanzees (indoor) 153 +49°¢
Chimpanzees (in and outdoor) 206 +6.3¢

Previous data for Vitamin D levels in great apes are included. nd, not determined.

20n -T, to assist in fertility; °, excluding two chimpanzees immunized against HCV (3052 and 2955 pg/ml HCV antibody; personal communication,
Dana Hasselschwert, New Iberia Research Center); <, Catarrhini including 6 gorillas, 5 orangutans and 10 old world monkeys (Ref. 27); ¢, Ref 28; €, Ref

29; nd, not determined.

there is evidence that great apes have lower immune/au-
toimmune responses than humans. In particular, chim-
panzees have reduced lymphocyte activity (32) and do not
develop rheumatoid arthritis or type 1 diabetes (33). A
major cause of reduced immune responses involves the
presence in great apes and other mammals, but not in
humans, of a sialic acid variant (Neu5Gc) (34). The ability
of Neu5Gc to down-regulate immune responses is illus-
trated by enhanced T lymphocyte function in mice lacking
the enzyme required to generate this compound (35).
Other factors responsible for reduced thyroid autoimmu-
nity could include the absence of the relevant susceptibility
genes previously mentioned (18) and limited genetic di-
versity in captive great apes (36).

Turning to the second question, in the absence of thy-
roid autoimmunity, what is the basis for hypothyroidism
in nonhuman great apes? We considered possible roles for
iodide intake, dietary goitrogens, HCV infection, and vi-
tamin D insufficiency. lodine generally causes hypothy-
roidism in humans because of a failure in thyroid iodine
autoregulation associated with an underlying thyroid dis-
order, such as subclinical thyroid autoimmunity (reviewed
in Ref. 37). An inexpensive dietary component of captive

great apes is cabbage or other Brassica family members
that contain the goitrogen thiocyanate. A very high thio-
cyanate intake caused hypothyroidism in a woman (38),
and lesser amounts of thiocyanate together with limited
dietary iodine intake lead to hypothyroidism (for example
Ref. 39). The complex diets for most captive great apes
include some high-fiber “greens” such as kale that contain
thiocyanate (D. Hatcher, Columbus Zoo and Aquarium;
personal communication). Although the iodine intake by
captive great apes is currently not known, the rarity of
reports on goiter suggests that it is unlikely to be grossly
deficient. However, a study to specifically address the is-
sue of iodide and thiocyanate in great apes has recently
been initiated (M. Barrie, G. Brent, personal communica-
tion). Based on available information, together with well-
established observations in humans, we speculate that
moderately low iodine levels, together with thiocyanate in
the diet, could play a role in long-term hypothyroidism.
We directly addressed possible roles for HCV infection
and vitamin D levels in great ape hypothyroidism. HCV
infection is associated with thyroid autoimmunity and hy-
pothyroidism in humans (40), particularly after interfer-
on-atherapy (40,41). Moreover, HCV infection can cause
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hypothyroidism in the absence of thyroid autoimmunity
(forexample Refs. 42 and 43). Testing for HCV antibodies
excluded this possibility for the hypothyroid great apes
that we studied. However, great apes are subject to other
viral infections, such as herpes virus (20) and alphavirus or
flavivirus (44), that may contribute to the development of
hypothyroidism. We assayed vitamin D in great ape sera
because the immunomodulatory effects of vitamin D are
well known (45)and because relative vitamin D deficiency
has been associated with Hashimoto’s thyroiditis (46) al-
though it is not associated with the early stages of thyroid
autoimmunity (47). However, we found no evidence that
vitamin D levels were lower in hypothyroid vs euthyroid
nonhuman great apes. In addition, the diets of most great
apes housed in zoos include multivitamins (28).

An important corollary of our study is the provision of
a large database (52 orangutans, 53 gorillas, 20 bonobos,
and 322 chimpanzees) for thyroid hormones, TSH, and
thyroid autoantibodies in euthyroid great apes. Smaller
numbers of chimpanzees have previously been investi-
gated for TT, and TT; (48) and for total and free T, and
T; (3). One chimpanzee and small numbers of healthy
gorillas were tested for thyroid hormones as controls to
diagnose hypothyroidism (9-11) and to evaluate the ap-
plication to primates of a human immunometric assay for
TSH (49).

Striking differences were observed between the 4 great
ape species in terms of FT,, FT5, and TSH. Orangutans
had the lowest FT, and FTj levels, followed by gorillas,
and the highest levels were observed in chimpanzees and
bonobos. The pattern was reversed for TSH, being lowest
in chimpanzees and bonobos and higher in orangutans
and gorillas. Moderate gender differences were observed,
notably higher TT, in female than in male orangutans and
gorillas and higher FT, in male than in female chimpan-
zees. A similar pattern of differences in basal salivary am-
ylase and salivary cortisol was observed for orangutans
and gorillas vs chimpanzees (50).

In conclusion: First, we established a database for thy-
roid hormone and TSH levels in orangutans, gorillas,
chimpanzees, and bonobos. The most striking differences
between these 4 great ape genera are greatly reduced FT,
and FTj levels in orangutans and gorillas, and elevated
TSH levels in gorillas, compared with chimpanzees and
bonobos. Second, autoantibodies to Tg and TPO are de-
tectable in only 2.6% of adult great apes, significantly
lower than the approximately 10% in humans. No great
apes with thyroid autoantibodies exhibit thyroid dysfunc-
tion and neither thyroid autoantibodies nor thyroid lym-
phocyticinfiltration are present in hypothyroid great apes.
Finally, hypothyroidism in the closest surviving human
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relatives may involve dietary components including goi-
trogens but is unrelated to thyroid autoimmunity.
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