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Clinicopathologic Characteristics, Prevalence, and
Risk Factors of Spontaneous Diabetes in Sooty
Mangabeys (Cercocebus atys)

Amelia C Jones,"” James G Herndon,? Cynthia L Courtney,** Lynn Collura,' and Joyce K Cohen'®

In 2008, clinical observations in our colony of sooty mangabeys (Cercocebus atys) suggested a high frequency of type 2 diabetes.
Postmortem studies of diabetic animals revealed dense amyloid deposits in pancreatic islets. To investigate these findings, we
screened our colony (97 male mangabeys; 99 female mangabeys) for the disease from 2008 to 2012. The overall prevalence of diabetes
was 11% and of prediabetes was 7%, which is nearly double that reported for other primate species (less than 6%). Fructosamine and
triglyceride levels were the best indicators of diabetes; total cholesterol and glycated hemoglobin were not associated with disease.
Increasing age was a significant risk factor: prevalence increased from 0% in infants, juveniles, and young adults to 11% in adults
and 19% in geriatric mangabeys. Sex, medroxyprogesterone acetate exposure, and SIV status were unrelated to disease. Weight
was marginally higher in prediabetics, but body condition did not indicate obesity. Of the 49 mangabeys that were necropsied
after clinical euthanasia or death from natural causes, 22 were diabetic; all 22 animals demonstrated pancreatic amyloid, and most
had more than 75% of islets replaced with amyloid. We conclude that type 2 diabetes is more common in mangabeys than in other
primate species. Diabetes in mangabeys has some unusual pathologic characteristics, including the absence of altered cholesterol
levels and glycated hemoglobin but a robust association of pancreatic insular amyloidosis with clinical diabetes. Future research
will examine the genetic basis of mangabey diabetes and evaluate additional diagnostic tools using imaging and serum markers.

Abbreviations: HbAlc, glycated hemoglobin; MPA, medroxyprogesterone acetate; YNPRC, Yerkes National Primate Research

Center.

Sooty mangabeys (Cercocebus atys) are Old World NHP that are
native to West Africa. Historically their use in research has been
limited to infectious disease studies, leprosy studies, and behav-
ioral research."*? Over the past 20 to 30 y, they have been used in
HIV-AIDS research. Mangabeys are natural hosts of SIV___, which
is recognized as the origin of HIV2 infection in humans.”830%4 SV
typically is nonpathogenic in mangabeys despite high levels of
virus replication, which makes this species a unique and invalu-
able model in AIDS research.”**4 Qur facility maintains a colony
of approximately 200 sooty mangabeys. In 2008 clinical observa-
tions of relative hyperglycemia, glucosuria, and weight loss in
our colony suggested that type 2 diabetes mellitus occurred at a
relatively high frequency in this population. Spontaneous diabetes
was found in 10% of the colony, and 5% of animals were predia-
betic; this incidence is higher than that typically reported for other
NHP species, such as cynomolgus macaques (less than 1% to 2%)*
and chimpanzees (less than 1%).” The prevalence of spontaneous
diabetes in humans is typically 8.3%.24** In addition, necropsies
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revealed that many affected animals had dense amyloid deposits
in pancreatic islet cells. Insular amyloidosis was seen on histol-
ogy, with a total replacement of islets by amyloid deposition in ad-
vanced diabetes. Advanced diabetes was determined by increased
weight loss and severity of relative hyperglycemia. The increased
clinical prevalence of diabetes in our mangabey colony prompted
additional characterization of the clinicopathologic profile, risk fac-
tors, and prevalence of diabetes in our mangabey colony.

The form of diabetes in this mangabey colony is characterized
as type 2 diabetes mellitus, as they have hyperglycemia, hyper-
triglyceridemia, and islet amyloidosis. Type 2 diabetes mellitus is
the most common of the 3 forms of diabetes, and has been docu-
mented in humans and NHP?3%% including rhesus macaques
(Macaca mulatta), cynomolgus macaques (Macaca fascicularis), Ce-
lebes crested macaques (Macaca nigra), bonnet macaques (Macaca
radiate), pigtailed macaques (Macaca nemestrina), vervet monkeys
(Chlorocebus pygerythrus), squirrel monkeys (Saimiri sciureus),
chimpanzees (Pan troglodytes), and woolly monkeys (Lagothrix
spp.).}#*3152% Type 2 diabetes is a chronic metabolic disorder in
which insulin resistance occurs in liver, muscle, and adipose tis-
sue. As type 2 diabetes progresses, it also can be characterized as
a relative insulin deficiency."#15222931%755 The initial clinical pre-
sentation of diabetes in humans and NHP includes polydipsia,
polyuria, polyphagia, weight loss, and lethargy."6%% %75 Similar
presentation was observed in our colony of diabetic mangabeys.



Diagnostic criteria of diabetes in NHP species is similar to that
for humans and is based on clinical symptoms and routine lab
tests, including serum chemistry panel to evaluate persistent
fasting hyperglycemia, hypertriglyceridemia, and hypercholes-
terolemia >61116-18212229,31, 3748505255 Hypertriglyceridemia and hy-
percholesterolemia frequently are elevated due to diabetes and
therefore are used as supportive diagnostic markers. In addition,
the disease is characterized by transient hyperinsulinemia fol-
lowed by insulin deficiency subsequent to glucose challenge. Uri-
nalysis is used to evaluate glucosuria and ketonuria. These tests
are not exclusive for diagnosing diabetes and can be inconsistent
between species, thus making conclusive diagnosis challenging.
For example, hyperglycemia can be a transient finding associ-
ated with recent food intake or stress associated with restraint for
blood sample collection or anesthetic access, whereas hypertri-
glyceridemia can be seen in obese animals and those with other
metabolic diseases such as pancreatitis and hypothyroidism %%

The typical clinical approach to the diagnosis of diabetes in
NHP and other veterinary patients includes evaluation of fruc-
tosamine and glycated hemoglobin (HbA1lc) levels and glucose
tolerance testing. These tests are indices of glycemic control and
are used in clinical settings primarily to assess prognosis and re-
sponse to treatment; they are also useful for the initial diagnosis
of diabetes when used in parallel with serum chemistry mark-
ers. Fructosamine and HbAlc can both provide information on
long-term glycemic control, because fructosamine reflects aver-
age blood glucose levels over 2 to 3 wk whereas HbA1lc reflects
average blood glucose over 2 to 3 mo preceding blood collection.
HbAlc is the primary test for diabetes in human medicine,***%
whereas fructosamine is commonly used in veterinary medi-
cine. Glucose tolerance testing provides an indirect measure of
insulin sensitivity, but it is not frequently used clinically in NHP
because of the requirement for prolonged physical restraint or
Sedation.1’21’22’26’27’34’37’55

Prevention and management of diabetes in NHP and humans
can be achieved by identifying potential risk factors, including
age, weight, sex, genetics, hormone drug exposure, and viral
status.!015222951374255 Advanced age, obesity, sex, and genetics
are associated with diabetes in some species of NHP and hu-
mans. 01522231375 In addition, exposure to drugs such as me-
droxyprogesterone acetate (MPA) is suspected to be linked to
diabetes due to the hormonal effects of progesterone impacting
glucoregulatory function.'#10223313455 MPA exposure is of inter-
est, because it is used regularly in our mangabey colony as both
a contraceptive and as therapy for endometriosis. In addition,
SIV status is being evaluated as a risk factor, because a portion of
our colony is SIV positive. Although HIV is not thought to be as-
sociated with diabetes in people, SIV pathogenesis in mangabeys
differs; therefore it was of interest to explore the possible associa-
tion of SIV and diabetes in mangabeys.”**** Pancreatic insular
amyloidosis has been documented to be associated with type 2
diabetes in several species. Amyloidosis is a group of disorders
that are caused by extracellular deposition of misfolded proteins
that can result in impaired function of any organ.!52023283243454849
Because a high incidence of pancreatic insular amyloid was noted
at necropsy, we sought to document the relationship with clinical
diabetes in mangabeys.

Spontaneous type 2 diabetes mellitus has been well document-
ed in several species of NHP. Because the literature contains little
information regarding the clinicopathologic features (the “pro-
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file”), risk factors, and prevalence of spontaneous diabetes mel-
litus in sooty mangabeys, the primary aims of the current study
were 1) to determine whether elevated levels of fasting blood
glucose, fructosamine, HbAlc, triglycerides, and total cholesterol
levels are reliable diagnostic markers of type 2 diabetes mellitus
in this NHP species; 2) to determine whether age, sex, MPA expo-
sure, and SIV status influence the risk of diabetes; 3) to determine
whether body weight influences diabetic status; 4) to evaluate the
relationship between pancreatic amyloidosis and diabetes mel-
litus; and 5) to characterize the prevalence of diabetes mellitus in
the mangabey population at our institution. To our knowledge,
this report is the first to describe the natural occurrence of type 2
diabetes mellitus within a captive colony of sooty mangabeys. We
hypothesized that blood glucose, fructosamine, HbAlc, triglyc-
eride, and total cholesterol would be reliable diagnostic markers
and that age, sex, and MPA exposure would influence the risk of
diabetes in this species.

Materials and Methods

Animals. A population of 196 sooty mangabeys (male, 97;
female, 99) at Yerkes National Primate Research Center was
screened for diabetes. Ages ranged from 1 to 32 y, with an average
age of 16 y (SE, 0.4 y). The median survival for both female and
male mangabeys is about 19 y. All of the mangabeys are related
genetically to each other, because they are all descendants from an
original founder group consisting of 22 animals. Incomplete pedi-
gree records preclude a conclusive measure of kinship coefficient
between subjects, but the allelic frequency of polymorphic micro-
satellite loci suggest limited genetic diversity within the group.

The mangabeys were housed at 2 locations. The majority of the
animals (n = 131) were housed at the field station (Lawrenceville,
GA) in indoor-outdoor enclosures containing mixed-sex social
groups of as many as 45 animals. All outdoor enclosures have
an indoor shelter area, as well as enrichment, such as climbing
structures and toys. The enclosures vary in size from runs, which
are 120 square feet, to compounds of 10,347 ft*. The remaining
mangabeys (1 = 65) were housed at the main station (Atlanta,
GA), where they were kept in standard NHP cages in a mix of
single and pair housing. SIV-positive and SIV-negative animals
are physically isolated, in separate housing structures or by strict
division within animal rooms. Mangabey at both facilities were
fed a standard commercial primate diet (Lab Diet 5037 Monkey
Diet Jumbo, Brentwood, MO) and supplemented daily with fresh
oranges and approved enrichment (that is seeds or grain, pop-
corn, oatmeal, applesauce, and vegetable produce). Free access
to water was provided through an automatic watering system.
All animals at both facilities were assigned to colony protocols
and SIV studies for periodic sample collection; several animals at
the field station were maintained as part of the breeding colony.
Table 1 shows that 32 female mangabeys were pregnant during
the study. All animal procedures were approved by Emory Uni-
versity’s IACUC. Animals were maintained in accordance with
the Guide for the Care and Use of Laboratory Animals.** The facility
and its programs are fully AAALAC accredited.

Samples. From 2008 to 2012, blood and urine samples were col-
lected from the 196 mangabeys, primarily during annual health
exams. A small number of additional samples were obtained op-
portunistically, during experimental and clinical events (for ex-
ample, trauma, arthritis). Annual health exams included physical
examination, tuberculosis testing, parasite control, and fasted
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Table 1. Total numbers of samples collected for diagnostic tests and risk factors stratified by diabetic status

Nondiabetic Prediabetic Diabetic
No. of mangabeys 161 13 22
No. of male/female mangabeys 82/79 7/6 8/14
No. SIV positive/negative 87/62 6/7 10/12
No. of pregnant/not pregnant female mangabeys 30/49 1/5 1/13
No. female magabeys with MPA exposure/without MPA exposure 48/31 4/2 9/5
No. of samples collected for
Blood glucose (glucometer) 142 8 15
Serum glucose 137 13 22
Triglycerides 134 13 22
Total cholesterol 132 13 22
Fructosamine 70 9 22
Glycated Hgb (HbAlc) 16 2 7
Age classification
Infant (<1 y) 0 0
Juvenile (1-3 y) 0 0
Young adult (3-10 y) 22 0 0
Adult (10-18 y) 82 9 1
Geriatric (>18 y) 42 4 11
Adult body weight (kg) 127 13 22

sample collections as needed for colony management and re-
search services. Mangabeys were fasted by receiving their last
feeding the afternoon prior to the morning access. Animals were
sedated with either ketamine (10 mg/kg IM) or tiletamine-zolaz-
epam (3 to 5 mg/kg IM) for examinations and sample collections.
A glucometer (Freestyle Lite, Abbott Park, IL) was used to deter-
mine blood glucose levels from a peripheral skin stick. Whole
blood was collected via the femoral vein for a chemistry panel,
fructosamine concentration, HbAlc measurements, and SIV se-
rology titers. Table 1 illustrates the number of animals for each
sample collection. The whole blood was collected into serum-
separator and EDTA tubes and then stored at 3.3 °C until assayed.
The blood in the serum-separator tubes were centrifuged prior to
being assayed. The fasting blood glucose samples included those
obtained from the serum chemistry panel as well as the glucom-
eter. Blood serum chemistry panels were analyzed at either the
institutional diagnostic laboratory or a commercial laboratory
(SmithKline Beecham, Decatur, GA) prior to March 2010. After
March 2010, AMS Liasys Chemistry Analyzer (AMS Diagnostics,
Weston, FL) and Antech Diagnostics (Olympus, Marietta, GA)
were used. Serum samples for fructosamine were analyzed by
using a colorimetric assay at Antech Diagnostics, whereas plasma
samples for HbAlc were analyzed by at the Emory Medical Lab
by using HPLC (Variant II Turbo Hemoglobin Testing System,
Bio-Rad, Hercules, CA).” Serum samples for serology SIV titers
were analyzed by using a Luminex system (Austin, TX) at the
Yerkes Virology Core. All samples were analyzed within 24 h;
glucometer data were analyzed immediately. Urine samples were
obtained via catheterization or cystocentesis, and urinalysis was
performed at the institutional diagnostic laboratory.

Mangabeys were assigned to 3 categories: nondiabetic, predia-
betic, and diabetic. Animals were classified as diabetic according
to clinical symptoms (for example, weight loss, lethargy, poly-
uria), relative hyperglycemia, or glucosuria. Once these animals
were identified, their mean fasting hyperglycemia levels were de-
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termined to be greater than 175 mg/dL. In light of these findings,
diabetes was determined as the presence of 2 of the 3 following
criteria: persistent hyperglycemia, glucosuria, and weight loss.
Hyperglycemia was defined as a glucose level greater than 175
mg/dL that occurred on more than 2 consecutive readings. Glu-
cosuria was any content of glucose in the urine. Weight loss was
defined by loss of greater than 10% of body weight. Animals were
classified as prediabetic based on transient elevated fasting glu-
cose levels that were less than diabetic levels but greater than 135
mg/mL. Prediabetics were asymptomatic. Diabetic animals were
not treated with glucose-alerting medications, to allow them to
remain in large social groups as well as to avoid possible research
interactions. Mangabeys were treated for secondary complica-
tions and clinical conditions, and weights were monitored closely.
Animals were euthanized according to IACUC endpoints.

Table 1 illustrates the number of animals in each potential risk
factor category. Animals were categorized into age groups. MPA
(Depo-Provera, Wickliffe Veterinary Pharmacy, Lexington, KY)
was administered to 61 female sooty mangabeys (age, 8 to 32 y)
as a contraceptive or therapy for endometriosis at a dose of 200
mg IM approximately every 3 mo; the frequency of administra-
tion depended on cycle length and clinical signs. SIV-negative
animals were evaluated annually, and once the animal became
SIV positive, SIV status was no longer monitored. The majority
of SIV-positive mangabeys evaluated in this study were natural
carriers of the virus, although a few animals had been historically
infected experimentally. Adult body weight was evaluated as a
possible influence of diabetes among the nondiabetic and pre-
diabetic mangabeys. Weight was obtained during annual health
exams and collected opportunistically during sample collection
or other examinations. Weight was rounded to the nearest 0.1 kg,
and intervals between weights ranged from weeks to 1 y.

Pathology. A comprehensive review of our pathology database
was performed for gross and microscopic diagnoses of pancreatic
insular amyloidosis in sooty mangabeys between 2008 and 2012.



The clinical records, pathology reports, and glass slides were re-
viewed to clarify the diagnoses of insular amyloidosis. During
the study, 49 of the 196 sooty mangabeys died naturally or were
euthanized for medical reasons. Because we have an aging popu-
lation of mangabeys, most causes of death were related to chronic
processes (that is, diabetes, neoplasia, cardiovascular disorder,
endometriosis, various inflammatory processes). Of the animals
known to be diabetic at necropsy, 88% were euthanized second-
ary to complications of diabetes. All mangabeys underwent a
complete necropsy, and tissues from major organs were collected,
including pancreatic tissue samples for histopathologic evalua-
tion. Tissue specimens were fixed in 10% neutral buffered forma-
lin, embedded in paraffin, sectioned at 6 pm, and stained with
hematoxylin and eosin. Sections of paraffin-embedded tissues
were evaluated for amyloid by using Congo red and or sulfated
Alcian blue staining.®

Sections of the pancreas were stained with hematoxylin and
eosin and evaluated qualitatively for the presence of islet amyloid
deposit by a board-certified veterinary pathologist. Characteriza-
tion of the extent of pancreatic islet amyloid deposit was based
on the approximate percentage of islet area replaced by amyloid.
The classification scheme recognized grades of amyloidosis of
minimal, mild, moderate, and marked (Figure 1).

Validation of blood glucose measurements. The validity of the
glucometer glucose reading as an index of the serum glucose was
evaluated by using linear regression (SPSS, IBM, Armonk, NY).
In this analysis, serum glucose was the dependent variable, and
the glucometer was the predictor. Residuals were examined for
normality, and the significance of the linear term was determined.
In addition, the validity of processing time effect on blood glucose
measurements was evaluated. A subset of data (n = 61) was used
to evaluate the relationship between glucose processed immedi-
ately (glucometer) and after delayed processing (serum).

Data analysis. Individual measures (for example, glucose, fruc-
tosamine) were collected intermittently at various time points.
Not every measure was evaluated at each blood sample collec-
tion. Therefore we obtained the mean value for each measure
after the animal attained its final diabetic status as observed in the
study. This mean was based on 1 to 5 samples and was used for
further analyses. We did not adjust the means for each animal to
account for within-animal variability. All statistical analyses were
performed by using SPSS (version 20, IBM). ANOVA was used
to determine the influence of diabetic status, sex, and the inter-
action of these factors on serum levels of fructosamine, HbAlc,
glucose, triglycerides, and cholesterol. We used the Tukey Highly
Significant Difference test after ANOVA to examine differences
among means for the 3 categories of diabetic status. The Pearson
product-moment correlation was used to compare serum glucose
measurements with those obtained with the glucometer.

The relationships between age group, sex, MPA exposure (di-
chotomous variable: any exposure or no exposure), and positive
compared with negative SIV status were evaluated as possible
risk factors by using the y? procedure within SPSS. In addition,
the y? procedure was used to evaluate the relationship between
necropsied findings of pancreatic islet amyloid deposit and dia-
betic status. Mangabeys were categorized as infant (younger than
1y), juvenile (age, 1 to 3 y), young adult (3 to 10 y), adult (10 to
18 y), and geriatric (older than 18 y). The influence of increas-
ing age (an ordered categorical variable) was evaluated by using
means of the linear-by-linear association module. The risk factors
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Percentage of islet area

Severity replaced by amyloid Distribution
Minimal <10% Focal or multifocal
Mild 25% Multifocal
Moderate 50% to 75% Multifocal
Marked >75% Diffuse

Figure 1. Scheme for classification of pancreatic islet amyloid deposition.

were analyzed by using frequency tables of each risk factor in
relation to diabetic status. The influence of body weight on the
3 categories of diabetic status and sex influence on body weight
was evaluated by ANOVA, Tukey Highly Significant Difference
test, and covariate analysis.

The relationships of age with measurements of serum glucose
and fructosamine were examined by using linear regression with-
in SPSS. In these analyses, serum glucose and fructosamine were
the dependent variables and age was the predictor. Statistical sig-
nificance was defined as a P value of less than 0.05.

Results

Serology. Antibody titers revealed that 103 mangabeys were
SIV positive and 81 were SIV negative.

Glycemic control status. Using the criteria described, we
classified 161 (82%) of the mangabeys as nondiabetic, 13 (7%)
as prediabetic, and 22 (11%) as diabetic. By definition, fasting
blood glucose levels were significantly related to diabetic sta-
tus (F =171.28; df = 2, 166; P < 0.001). Mean values for nondia-
betic, prediabetic, and diabetic animals were 90, 148, and 283
mg/dL (SEM, 10.43), respectively (Figure 2). Blood glucose
levels for nondiabetic and prediabetic animals were statisti-
cally equivalent for male and female mangabeys (F = 1.502; df
=1,166; P > 0.10). However there was a significant interaction
in diabetic blood glucose levels between the sexes (F = 3.237;
df = 2, 166; P < 0.05). Figure 2 indicates that this interaction
reflects a greater elevation of glucose in male than in female
diabetic mangabeys.

Validation of blood glucose measurements. Glucometer read-
ings of glucose were valid as an index of the serum glucose, be-
cause the linear correlation between the glucometer and serum
glucose was significant (r = 0.54, P < 0.001); the scatter plot and
linear regression results for this relationship are presented in
Figure 3. It is clear from this plot that the glucometer predicts
lower glucose values more accurately than it does higher values.
Processing time did not affect glucose immediately processed
(glucometer) and delayed processing (serum)—there was no lin-
ear association. All samples were processed within 24 h, and the
subsets evaluated were processed within 3 h.

Diagnostics. Fructosamine levels clearly were influenced by
diabetic status (F = 64.67; df = 2, 96; SEM = 21.12: P < 0.001), with
the highest levels in the diabetic animals (Figure 4, Table 2). Over-
all fructosamine levels were higher in male than in female mang-
abeys (F = 16.47; df = 1, 95; P < 0.001). In addition, there was a
significant interaction of diabetic status with sex (F =7.77; df=2,
95; P <0.001), indicating that diabetic status had a proportionally
greater influence on fructosamine in male mangabeys than in
female, with little difference between the sexes in the nondiabetic
group but with increasing differences in prediabetic and diabetic
animals.

As shown in Figure 5, HbAlc was not significantly related to
diabetic status (F = 0.49; df = 2, 19; SEM = 1.47, P > 0.10) or sex (F
=2.65;df=1,19; P >0.10).
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Figure 2. Mean (+ SEM) of fasting serum blood glucose for nondiabetic
(n = 137), prediabetic (n = 13), and diabetic (17 = 22) female and male
sooty mangabeys (P < 0.001).
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Figure 3. Pearson product-moment correlation was used to compare se-

rum glucose measurements (in mg/dL) with those obtained with the

glucometer (in mg/dL). The solid line represents the linear correlation.

Pearson correlation, r = 0.541 (P < 0.001).
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Figure 4. Mean (+ SEM) of fructosamine values for nondiabetic (1 = 70),
prediabetic (n = 9), and diabetic (n = 22) female and male sooty mang-
abeys (P < 0.001).

However, as shown in Figure 6, triglyceride levels were strong-
ly related to diabetic status, with increasing values in the pre-
diabetic and diabetic mangabeys as compared with nondiabetic
animals (F = 48.09; df = 2, 163; SEM = 17.47; P < 0.001). The rela-
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tionship between triglycerides and diabetic status did not differ
between male and female mangabeys (F = 0.38; df = 2, 136; P >
0.10). The interaction between diabetic status and sex was non-
significant also (F = 0.37; df = 2, 136; P > 0.10).

Total cholesterol values were equivalent among the 3 categories
of diabetic status (F = 2.39; df = 2, 161; SE = 11.20), P > 0.05). How-
ever, male mangabeys had significantly higher values on average
than did female ( F = 3.82; df =1, 161; P = 0.05; Figure 7).

Risk factors. As shown in Table 3, the prevalence of diabetes
mellitus was highest among the group of geriatric (19%) mang-
abeys, and the prevalence of prediabetes was highest among
adult (9%) and geriatric (7%) mangabeys. The increasing preva-
lence of prediabetic and diabetic status with increasing age is sig-
nificant (P < 0.01, linear-by-linear association). Age also affected
serum glucose levels. As shown in Figure 8 A, glucose levels
increased significantly with age (r = 0.541, P < 0.001). The vari-
ability of glucose levels also increase with age. The scatter plot of
fructosamine as a function of age resembles that of glucose, but
the linear relationship is not significant in this case (r = 0.166, P >
0.05; Figure 8 B).

Prevalence of diabetes was equivalent in male and female (df =
2, P >0.10) mangabeys. In addition, equivalent prevalence of dia-
betes was obtained in SIV-positive and SIV-negative mangabeys
(df =2, P >0.10) and in female mangabeys regardless of prior
exposure (or not) to MPA (df = 2, P > 0.10).

Adult body weights ranged from 5 to 14 kg. Diabetic status was
strongly related to body weight (F = 5.21; df = 2, 157; SE = 0.30),
with prediabetic mangabeys (mean, 11.6 kg) weighing more than
nondiabetics (9.5 kg, P < 0.01). Diabetic animals (9. 5 kg) weighed
less than did prediabetics. Higher weight of prediabetic animals
also was present when age was controlled as a covariate in ANO-
VA. Furthermore, sex was strongly related to weight (F = 5.21; df
=1,157; P <0.001).

Pathology. Pancreatic insular amyloidosis was detected in 28
of the 49 sooty mangabeys that were necropsied. Marked in-
sular amyloidosis was present in 14 diabetic and 3 prediabetic
mangabeys. Minimum amyloidosis was found in one prediabetic
animal and 6 nondiabetic animals. As shown in Table 4, insular
amyloidosis was strongly associated with clinical diabetes, be-
cause all 16 of the diabetic animals had amyloidosis (P < 0.001).

The extent and distribution of amyloid deposition ranged from
mild, multifocal deposition around islet capillaries with little or
no loss of islet B cells, to moderate deposition in a majority of
islets (Figures 9 and 10). Severe cases showed marked, diffuse
amyloid deposition; severe atrophy and loss of B cells; and of-
ten mineralization within the insular amyloid deposits. Micro-
scopically, amyloid deposition within pancreatic islets appeared
as variable amounts of amorphous, acellular, homogeneous to
finely fibrillar, lightly eosinophilic extracellular material. Amyloid
deposits stained light orange with the Congo red histochemical
method and demonstrated green birefringence under polarized
light; with sulfated Alcian blue stain, amyloid appeared greenish
blue (Figure 11).

Discussion
This report is the first detailed description of spontaneous type 2
diabetes mellitus in sooty mangabeys. In addition to documenting
the disease within the colony, we validated routine diagnostic tests
in this species and provided a basic description of the epidemiol-
ogy of the disease, including its prevalence and the relationship of
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Table 2. Reference values for fasting blood glucose (mg/dL), HbAlc (%), and fructosamine (mean; pmol/L) in nondiabetic, prediabetic, and diabetic

primates
Rhesus Cynomolgus ma-  Celebes crested
Sooty mangabeys macaques caques macaques Chimpanzees Humans
Fasting blood glucose
Nondjiabetic <135 <80 <70 na <105 <100
Prediabetic 135-175 81-100 71-99 na 106-119 100-125
Diabetic 2175 =100 =100 =140 >120 2126
HbA1lc
Nondiabetic <53 <47 <5.0 <31 <5.0 <56
Prediabetic 4.0-12.0 4.7-5.0 5.1-8.1 3.1-4.0 51-52 5.7-6.4
Diabetic 26.6 >5.0 >8.2 >71 >53 26.5
Fructosamine
Nondjiabetic 197 193 185 na na 227
Prediabetic 318 na na na na na
Diabetic 412 na 434 na na 277

References: sooty mangabeys (this study), rhesus macaques (2, 18, and 56), cynomolgus macaques (3, 35, and 51), Celebes creasted macaques (22),

chimpanzees (18 and 37), and humans (27, 39, and 47).
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Figure 5. Mean (+ SEM) of HbA1lc values for nondiabetic (1 = 16), pre-
diabetic (n = 2), and diabetic (1 = 7) female and male sooty mangabeys
(P> 0.10).
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Figure 6. Mean (+ SEM) of triglyceride values for nondiabetic (n = 134),
prediabetic (n = 13), and diabetic (n = 22) female and male sooty mang-
abeys (P < 0.001).
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several risk factors to the occurrence of disease. We furthermore
demonstrated a relationship between pancreatic insular amyloido-
sis and clinical diabetes in the mangabeys. The overall prevalence
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Figure 7. Mean (+ SEM) of total cholesterol values for Nondiabetic (n =
132), Prediabetic (1 = 13), and Diabetic (1 = 22) female and male sooty
mangabeys (P = 0.05).

of diabetes in our colony of mangabeys was 11%, which is higher
than that reported in other NHP species; for example, cynomolgus
macaques have a prevalence of less than 1% to 2%,” and chim-
panzees show less than 1% prevalence.”” The higher prevalence
in mangabeys is suspected to be secondary to the longevity of the
colony and perhaps to a possible genetic component or a dietary
influence; we are unable to rule out these factors at this time.
Hyperglycemia is one of the 3 criteria used to diagnosis diabe-
tes in our colony. The blood glucose reading was obtained from
either serum or whole blood (from a glucometer); these measures
yielded comparable values. Table 2 illustrates the higher glucose
levels in our prediabetic and diabetic mangabeys when compared
with humans and other NHP, such as Celebes crested macaques,
rhesus macaques, and chimpanzees.>%***7* This table compares
fructosamine and HbA1c levels among our colony of mangabeys,
humans, and other NHP. The higher levels of hyperglycemia
in our colony of mangabeys compared with other NHP might
be secondary to genetics, because the mangabeys are relatively
inbred. Stress of access for obtaining samples could be another
cause of higher hyperglycemia levels; perhaps the mangabeys
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Table 3. Prevalence of prediabetic and diabetic status in infant (< 1 y), juvenile (1-3 y), young adult (3-10 y), middle-aged adult (1—18 y), and geriat-

ric (>18 y) mangabeys

Infant Juvenile Young adult Adult Geriatric
Total no. (no. male/no. female) 7(3,4) 8(44) 22 (8,14) 102 (53,49) 57 (29,28)
Diabetic status
Nondiabetic (1 = 161) 100% 100% 100% 80% 74%
Prediabetic (n = 13) 0% 0% 0% 9% 7%
Diabetic (n = 22) 0% 0% 0% 11% 19%

Linear-by-linear association, P = 0.003.
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Figure 8. (A) Pearson product-moment correlation was used to com-
pare serum glucose measurements (in mg/dL) with age (in y). The solid
line represents the linear correlation. Pearson correlation, » = 0.261 (P =
0.001). (B) Pearson product-moment correlation was used to compare
fructosamine (in pmol/L) with age (in y). There was no significant lin-
ear correlation (Pearson correlation, r = 0.166 [P > 0.05]).

might release more cortisol than other species. Hyperglycemia
alone is not a consistent or exclusive test for diabetes mellitus;
therefore, it is necessary to evaluate the relationship of other di-
agnostic tests for diabetes.

HbAlc, fructosamine, triglyceride, and cholesterol were evalu-
ated as diagnostics in the mangabeys, because these parameters
are commonly used to diagnosis or aide in the diagnosis of
diabetes in other animal species as well as humans. 6313437385455
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HbA1c and fructosamine tests provide us with practical methods
for monitoring long-term glycemic control in our large outdoor
colony of sooty mangabeys; HbAlc indicates the average blood
glucose over 2 to 3 mo and fructosamine represents a 2- to 3-wk
period.?#2262734375 Both tests can be evaluated without the vari-
ables of transient stress, activity, or any other condition that can
influence glucose levels.!62!31343537,38435055

Although HbAlc is considered the primary test in human med-
icine®*®% and is used in several other species of NHP, HbAlc
levels did not correlate with clinical diabetes in our colony of
mangabeys. These results could be secondary to species-specific
variations in hemoglobin. As shown in Table 2, different species
of NHP have different HbAlc values. Therefore different meth-
odologies of HbAlc assays could yield different results. There
are 3 technologies for HbAlc assays: charge differences (HPLC),
structure (boronate affinity or immunoassay combined with gen-
eral chemistry), and point-of-care.> HPLC technology was used
for our study. Perhaps using another assay might yield different
results. In addition, the sample size was small (1 = 25), due to the
inconsistent test results. A larger sample size might prove to be a
more reliable predicator of diabetes.

Fructosamine levels for our mangabeys were associated with
clinical diabetes. These results were expected, because fructos-
amine is a standard test in companion animal medicine and has
been used in several species of NHP and in humans. 2623384046545
Table 2 illustrates that fructosamine values in diabetic mangabeys
are comparable to those in diabetic cynomolgus macaques but
higher than those in humans. The different values between these
species may indicate species-specific features.

Diabetic male mangabeys had significantly higher levels of
fructosamine than did diabetic female mangabeys (Figure 4). This
finding is similar to those in humans and rhesus macaques, which
show sex-associated differences in fructosamine levels. The male—
female distinction might be a consequence of higher concentra-
tions of serum protein or a longer half-life in male mangabeys
when compared with female.!#%05%

Although fructosamine measurement seems promising as a
marker of diabetes in mangabeys, it has several potential limi-
tations. Fructosamine levels can be artifactually low during
hypoproteinemia, hypoalbuminemia, hypervitaminosis C, hy-
perthyroidism, and hemolyzed samples. Conversely, fructos-
amine can be falsely elevated during azotemia. These limitations
reflect that the measurement of fructosamine is dependent on the
binding of glucose to serum protein via a nonenzymatic glyca-
tion reaction. Therefore any alteration that affects the serum will
influence fructosamine levels.?¢%55% Although the influences of
protein, vitamin C markers, and metabolic disorders were not
analyzed in the current study, we evaluated the clinical presen-
tation of the animals and all serum chemistry markers. Future
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Table 4. Prevalence of nondiabetic, prediabetic, and diabetic status in relation to pancreatic insular amyloidosis in sooty mangabeys

Nondiabetic (n = 26)

Prediabetic (n =7) Diabetic (n = 16)

Amyloidosis present (1 = 28) 23% 86% 100%
Amyloidosis not present (1 = 21) 77% 14% 0%
Pearson y?, P < 0.001

Figure 9. Pancreas from a nondiabetic 17-y-old male sooty mangabey.
Islets contain mild amyloid deposits (arrows) and numerous 3 cells. He-
matoxylin and eosin stain; bar, 50 pm.

analyses of fructosamine levels in our mangabeys will take these
limitations into consideration.

Triglyceride levels were elevated in diabetic mangabeys com-
pared with nondiabetic and prediabetic animals (Figure 6).
Hypertriglyceridemia in diabetic mangabeys was predicted, be-
cause it has been reported to occur in diabetic humans'>'® and
diabetic cynomolgus macaques.* Increased triglyceride concen-
trations likely are attributable to impaired lipoprotein lipase activ-
ity, which prevents the breakdown of triglyceride-rich particles to
free fatty acids. Lipoprotein lipase activity is insulin-dependent,
and most diabetic NHP are relatively insulin deficient."4%%0%

Total cholesterol levels were not associated with diabetic sta-
tus in our mangabeys (Figure 7). because there is typically a cor-
relation of hypercholesterolemia (LDL and VLDL cholesterol)
with diabetes in humans and some NHP, specifically cynomolgus
macaques.''***% The lack of correlation between total cholesterol
levels and diabetes in our mangabeys may be secondary to the
fact that the majority of the diabetic population was geriatric (old-
er than 18 y). Humans older than 55 y have increased cholesterol
levels; perhaps we're seeing a similar effect seen in the geriatric
mangabeys.* In addition, mangabeys are fed a standard com-
mercial primate diet (Lab Diet 5037) that contains isoflavones and

Figure 10. Pancreas from a diabetic 19-y-old male sooty mangabey with
a terminal blood glucose concentration of 311 mg/dL. The islet contains
moderate amyloid deposits. The remaining B cells appear as small nu-
clei surrounded by amyloid. There are a few B cells remaining. Hema-
toxylin and eosin stain; bar, 50 um.

soy, are lipid-lowering compounds; therefore the animals are not
exposed to an overabundance of LDL cholesterol.”

We attempted to identify risk factors for type 2 diabetes mel-
litus in our colony of mangabeys because such knowledge would
assist us in predicting and identifying diabetic animals, achieving
management decisions, and instituting preventive practices for
diabetes. Advanced age correlated with increased prevalence of
diabetes in our colony of mangabeys, given that about 50% of the
prediabetic and diabetic animals were geriatric (Table 3). In ad-
dition, age affected serum glucose levels, in that old animals had
increased serum glucose; there was no such correlation with fruc-
tosamine. The correlation among advanced age, diabetes, and se-
rum glucose was anticipated, because similar old-age effects have
been documented to occur in diabetic cynomolgus macaques,
rhesus macaques, and humans.'>?2%05 The literature reports
that diabetic cynomolgus macaques and rhesus macaques typi-
cally are older than 15 y,'** and diabetic humans typically are
older than 65 y.** Increase serum glucose was expected, because
it is a criterion for diabetes. Fructosamine levels were expected
to be elevated with increased age, as documented in rhesus ma-
caques and humans.*® Our colony is skewed toward older ani-
mals, with ages ranging from less than 1 to 32 y and a mean age
of 16 y. As shown in Table 3, more than one-fourth of the colony
is geriatric, with longevity greater than the maximum for sooty
mangabeys in the wild.” Our current results will aide in the man-
agement of geriatric mangabeys, because these animals should be
examined and blood glucose obtained at increased frequencies to
evaluate the progression or initiation of diabetes.

In our mangabeys, sex is not associated with the prevalence of
diabetes. Our results contrast with those in humans, given that a
recent literature report suggests that men older than 20 y are more
likely to have diabetes than are women older than 20 y.® Species
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with a terminal blood glucose of 230 mg/dL. (A) Islets have been totally
replaced by marked amyloid deposits. Hematoxylin and eosin stain; bar,
100 um. (B) Insular deposits stain positive for amyloid. Sulfated Alcian
blue stain; bar, 100 um. (C) Insular deposits stain positive for amyloid.
Congo red stain; bar, 100 pm.

variations and pregnancy status might have influenced the as-
sociation of sex with diabetes of our mangabeys.>*** Pregnancy
is unlikely to be a confounding factor because only 32% (n = 32)
of the female mangabeys were pregnant during the study and
30 of the 32 pregnant animals were nondiabetic, one animal was
prediabetic, and one was diabetic.

MPA exposure in our mangabeys did not correlate with in-
creased prevalence of diabetes. We postulated that MPA expo-
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sure could be a risk factor for diabetes mellitus in mangabeys,
in light of the correlation between MPA exposure and diabe-
tes prevalence in rhesus macaques and humans.*!*?4751 MPA
is administered to various female mangabeys in our colony for
contraceptive purposes as well as therapy for endometriosis,
because the drug is a synthetic progesterone derivative. The
pathogenesis of progesterone-induced diabetes in rhesus ma-
caques and humans is unknown. Studies have shown that pro-
gesterone leads to reduced glucoregulatory function, and MPA
has increased affinity for progesterone receptors as well as glu-
cocorticoid and androgen receptors.'”” MPA might be metabo-
lized differently in mangabeys and thus could explain the lack
of increased prevalence of diabetes in female animals that were
exposed to MPA.

SIV status was not correlated with prevalence of diabetes in our
mangabeys, similar to the situation with HIV status in humans.**
With regard to humans, one study suggested that absence of a rela-
tionship was likely secondary to the fact that HIV-infected people
tend to be younger and have a lower body mass index, which can
actually decrease the risk of diabetes mellitus.® The natural occur-
rence of SIV in our colony of mangabeys is likely the reason there is
no correlation of diabetes with SIV. Although SIV is typically non-
pathogenic in mangabeys,”***42 diabetes mellitus has the potential
to be immunosuppressive, which could be a confounding factor for
SIV research in these animals. Therefore, it was important to evalu-
ate the relationship of SIV status and diabetes.

Body weight correlated with the diabetic status of the animals,
and prediabetics weighed more than did nondiabetics. Similar
results have been observed in prediabetic humans and predia-
betic cynomolgus and rhesus macaques, as they were described
as weighing more than did nondiabetics. In addition, prediabet-
ic humans, cynomolgus macaques, and rhesus macaques were
also described as being overweight compared with nondiabetic
subjects.>6931404950 Although, prediabetic mangabeys did weigh
more than nondiabetics, none of the animals were clinically over-
weight or obese, because the body condition scores of the animals
evaluated never exceeded 3.5 (maximum, 5). In general, obesity
is not a clinical problem in this mangabey colony and therefore is
not suspected to be a risk factor for diabetes in these animals. As
expected, diabetic mangabeys weighed less than did the others,
given that weight loss was one of the 3 criteria of clinical diabe-
tes. Also as expected with sexual dimorphism, male mangabeys
weighed more than did female.

Pancreatic insular amyloidosis correlated with the clinical di-
agnosis of diabetes and with prediabetes (Table 4). A total of 16
animals necropsied had diabetes at the time of death. All had
pancreatic amyloid, and 95% had more than 75% of their islets
replaced with amyloid. In comparison, prediabetic mangabeys
had less than 25% of the islet area replaced by amyloid, and 6
nondiabetics had detectable islet amyloid. Type 2 diabetes is sus-
pected to occur in association with pancreatic insular amyloi-
dosis, which may arise secondary to early replacement of islets
with amyloid. Loss of B cells reduces insulin secretion and leads
to hyperglycemia, which contributes to the progression of dia-
betes, concurrent with amyloidosis.'®?#%4# Insular amyloidosis
association with diabetes has been documented in cats, humans,
and a few NHP"## and now in our colony of mangabeys. In
cats, amyloidosis typically is reported as the sole contributor to
diabetes,?*** whereas in humans, amyloidosis is usually not the
only cause of diabetes.'>*% Insular amyloidosis can be seen in as



many as 90% of diabetic humans and as many as 33% of nondia-
betic humans. 1524353

Insular amyloidosis is more extensive in diabetic humans and
diabetic animals than in nondiabetic subjects.!>202328324348,4952,53
For instance, some cynomolgus macaques with experimentally
induced diabetes have been reported with severe insular amy-
loidosis. In contrast, nondiabetic cynomolgus macaques have
minimal to no amyloidosis,* similar to findings in our colony.
Moreover, in our mangabeys amyloidosis was detected during
postmortem examinations of all animals with clinical diabetes
(Table 4). The severity of diabetes (that is, increased weight
loss, relative hyperglycemia) was associated with the severity
of amyloidosis. The uniform association of amyloidosis with
diabetes in these mangabeys is unique and may account for
some of the disease differences described in this population
relative to other populations and species. The influence of am-
yloidosis on diabetes may be related to the lack of association
between diabetes and sex, MPA exposure, and SIV status in
our colony.

Mangabeys are a valuable resource. Because information
from our colony can ultimately be applied to both conserva-
tion efforts and research, characterizing diabetes n our colony
was a useful goal. The ability to accurately diagnose diabetic
and prediabetic animals is essential for managing clinical care
and aids in the selection of healthy animals for research stud-
ies, thus helping to avoid confounding variables. Identifying
diabetic animals is a key component in the management of the
breeding population for diabetes-associated pregnancy com-
plications. Genetics have the potential to influence the high
prevalence of diabetes because it can be linked to pancreatic
insular amyloidosis and diabetes mellitus. Therefore identify-
ing a link between genetics and these conditions in our mang-
abey colony might be necessary to minimize the breeding of
diabetic animals.

In conclusion, this current study reveals that type 2 diabetes
is a common finding in the mangabey population at our institu-
tion and appears to have a higher prevalence than that reported
for other captive NHP species. In addition, the disease in mang-
abeys appears to have some unusual pathologic characteristics.
Whereas fructosamine and triglyceride concentrations are signifi-
cantly associated with diabetes, cholesterol and HbAlc are not.
As expected, older age is a risk factor for an increased prevalence
of diabetes. Being overweight did not influence the prevalence of
diabetes. The uniform association of pancreatic insular amyloi-
dosis and spontaneous clinical diabetes is a unique relationship
that has not been reported in other NHP species. Future studies
will explore pancreatic amyloid as an element of the etiology of
the disease and evaluate potential diagnostic tools based on se-
rum values such as serum amyloid A* or on amyloid-sensitive
imaging techniques.** Genetic analyses of diabetes and amyloi-
dosis as well as additional assessment of HbAlc and hemoglobin
structure are planned also. Lipid panel evaluation to continue
exploration of relationship between cholesterol diabetes, dietary
analysis, and exploration of the associations between diabetes
and long-term MPA exposure or pregnancy status are other pos-
sible future studies.
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