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The American Diabetes Association classifies clinical dia-
betes into several general subclasses: type 1, which primarily 
is caused by autoimmune destruction of pancreatic β cells, 
resulting in insulin deficiency and onset of typical symptoms 
of diabetes, such as polyuria, polydipsia, and weight loss; type 
2 diabetes mellitus (T2DM) characterized by insulin resistance 
and relative insulin deficiency; gestational diabetes; and ‘other’ 
specific types associated with identifiable clinical conditions 
or syndromes.2 T2DM has most commonly been associated 
with advancing age and obesity,43 with its onset typically dur-
ing middle-age. The development of T2DM is associated with 
excess adiposity or obesity but shows few symptoms in its 
earliest stages. In T2DM, functional failure of β cells and insulin 
resistance contribute to the hyperglycemic state and can lead 
to many complications; therefore, the overall therapeutic goal 
is to reduce hyperglycemia.32,36

Experimentally induced forms of insulin deficiency have led 
to a number of animal models of diabetes, with research primari-
ly focused on rodents.50 Most notably, numerous primate species 
have been reported to develop spontaneous T2DM.12,15,16,33,34 
The most studied are the macaque monkeys,4,5,18-21,61 as well 
as several other nonhuman primates including baboons 
and mandrills.10,44,52 Moreover, most macaque monkeys and 
baboons exhibit the same clinical characteristics as humans, 

including insulin resistance and a prolonged prediabetic phase 
of impaired β-cell function. Islet cell amyloid formation with 
partial β-cell loss is present in severe (advanced) diabetes in 
these animals.8,41,63 Furthermore, a long-term prediabetic state 
exists in some overweight rhesus, as demarcated by a surge in 
insulin levels and enhanced β-cell responsiveness. When this 
insulin surge begins to decline, hyperglycemia and overt T2DM 
are observed.18,19

According to long-term longitudinal studies of adult rhesus 
monkeys before and during the development of T2DM, fasting 
blood glucose (FBG) levels of greater than 80 mg/dL and he-
moglobin A1c (HbA1c) concentrations exceeding 4.7% appear 
to be diagnostic of early or preT2DM in rhesus monkeys, and 
an FBG greater than 100 mg/dL and HbA1c greater than 5.0% 
are diagnostic of overt diabetes.19

Reports of diabetes in chimpanzees include a case of insulin-
treated type 1 diabetes62 and several cases reported as T2DM.47,48 
Prior diagnoses were based on persistent fasting hyperglycemia 
and the concurrent presence of glucosuria, as well as age of 
onset and onset of clinical symptoms.62 Little information re-
garding treatment options for diabetes in great apes is available, 
although most methods mimic those used in humans and other 
nonhuman primate species.16 These measures include dietary 
caloric restriction with forced reduction in allowed calories 
to produce forced weight reduction and treatment with oral 
glucose-lowering medications to enhance insulin output or sen-
sitivity.16,22,63 Ultimately, daily insulin treatment is required to 
control T2DM in advanced cases. Monitoring of diabetes control 
in great apes is difficult and has traditionally been performed 
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chimpanzees were defined as those not on medications and with 
no previous disease diagnosis (that is, cardiovascular disease, 
renal disease, and others).

Diabetic animals had been diagnosed previously based 
on persistent elevated FBG levels, presence of glucose in the 
urine, and clinical response to oral glucose-lowering medica-
tions. Blood sampling of the 3 chimpanzees with T2DM was 
performed either by venipuncture of sedated animals (Telazol, 
3.0 to 5.0 mg/kg IM) or by cooperative heel stick performed 
cageside by using standard lancet technique.

Blood glucose was analyzed automatically (Vetscan VS2 
analyzer with Comprehensive Diagnostic Profile, Abaxis, Union 
City, CA) by using a modified hexokinase method. To reduce 
preanalytical variability, each rotor in the analyzer has built-in 
control standards that must pass quality-control measures, or 
the entire run is failed.

HbA1c was determined by using a commercial kit (A1cNow, 
Bayer Healthcare, Sunnyvale, CA) and was reported as a per-
centage (ratio of glycated hemoglobin A1c to total hemoglobin). 
The kit used is a point-of care test that uses both immunoassay 
and chemical technology to measure HbA1c and total hemo-
globin. The preanalytical variability in the HbA1c assay was 
controlled by the use of blood samples having known HbA1c 
concentrations, as determined by a laboratory certified through 
the National Glycohemoglobin Standardization Program and 
following program-established reference methods.39

Statistical methods. All statistical analyses were performed 
by using SyStat (version 11.0, SyStat Software, Richmond, 
CA). HbA1c and glucose levels both underwent ANOVA, 
with statistical significance determined by omnibus F tests.51 
Shapiro–Wilks goodness-of-fit tests were used to test the as-
sumption of normal (Gaussian) distribution. Data not normally 
distributed were transformed by using the power family of 
transformations:

x′ = (xλ – 1) / λ.6,24

For FBG and HbA1c levels, the λ parameter was estimated by 
maximum likelihood at 0, resulting in a natural log transforma-
tion.24 Outliers were identified and eliminated by using the 1.5 
interquartile range method.27,57

In human populations, age and sex are fundamental determi-
nants of the distribution of health and illness.13 Because similar 
effects have been observed in chimpanzees,26,59 all statistical 
models initially included age and sex as covariates. Weight also 
was included as a covariate, because the link between obesity 
and T2DM in chimpanzees has already been established.60 Two 
decision rules were used for partitioning: 1) greater than or 
equal to 10% reduction of subgroup standard deviations after 
partitioning; and 2) a z* statistic that exceeded the critical value 
of 5.0.23,24,27 Reference intervals and percentiles of the normal-
ized distribution were generated by using the nonparametric 
Harrell–Davis bootstrap method.25,29,64

Results
Determination of glucose reference range for chimpanzees. 

Neither age (F1, 76 = 0.012, P = 0.341), sex (F1, 76 = 3.57, P = 0.063), 
nor body weight (F1, 76 = 0.081, P = 0.672) were significant 
predictors of fasting whole-blood glucose levels in healthy 
adult chimpanzees. The median level of fasting (16 h) glucose 
concentration among healthy chimpanzees was 88 mg/dL. We 
defined values up to the 85th percentile of the distribution (105 
mg/dL) as representing healthy animals. Prediabetic chimpan-
zees were defined as having glucose levels between the 86th 
and 95th percentiles (106 to 119 mg/dL). Potentially diabetic 

by routine measurement of serial fasting or random blood glu-
cose tests.16 Isolation of chimpanzees for urine pan collection is 
possible. Positive reinforcement training for collection of urine 
samples is successful but takes time.

Prior to 2010, the recommended diagnostic criteria for diabe-
tes in humans were based principally on FBG levels32 and were 
supplemented by findings of glucosuria, impaired response to 
glucose-tolerance testing, and hemoglobin A1c levels.3,40,43,45 
The January 2010 Clinical Practice Recommendations of the 
American Diabetes Association elevated the importance of the 
HbA1c test to a diagnostic test for diabetes.2 In addition, a recent 
publication suggests that HbA1c may be superior to FBG as a 
diagnostic test for diabetes.49

Technical approaches aimed at establishing comparability of 
human HbA1c assays across laboratories now provide signifi-
cant consistency and reliability to the HbA1c test.32 Hemoglobin 
A1c testing can provide reliable quantitative measurement of 
the level of glycated hemoglobin (HbA1c) in capillary or venous 
whole-blood samples.45 Protein glycation, or the nonenzymatic 
bonding of sugar groups to proteins such as hemoglobin, is a 
naturally occurring biologic process that increases under condi-
tions of elevated glucose. Therefore, the HbA1c concentration 
reflects the ambient or average glucose levels over a 2- to 3-mo 
period, due to its dependence on slow RBC turnover.58 There-
fore, the high levels of blood glucose characteristic of diabetes 
result in hyperglycation of hemoglobin A1c.1,43 In humans, the 
correlation between glycated hemoglobin A1c and blood glucose 
levels makes monitoring HbA1c levels useful for determination 
of long-term control of blood glucose.32

Because chimpanzees are our closest phylogenetic relative 
(greater than 99% DNA sequence identity),54 defining an HbA1c 
reference range for chimpanzees by using a standardized hu-
man point-of-care HbA1c test seems plausible. HbA1c values 
have been established definitively for rhesus macaques19 and 
defined in very broad terms for most nonhuman primates.12 
The goal of the current study was to compare FBG values and 
HbA1c levels in healthy chimpanzees and those with T2DM, 
to define reference intervals useful for clinical guidelines and 
decision-making.

Materials and Methods
The chimpanzee (Pan troglodytes) population sampled at our 

facility (Alamogordo Primate Facility, Holloman Air Force Base, 
NM) consisted of 81 healthy animals (male, 32; female, 49) and 3 
diabetic female chimps. Of these, 53 (male, 31; female, 22) were 
older than 30 y. Ages ranged from 6 to 52 y, with an average of 
23.9 y. This colony was maintained in same-sex group housing, 
in compliance with the NIH’s breeding moratorium. Healthy 
animals were fed a commercial primate diet (Lab Diet Monkey 
Jumbo 5LR2; Purina, St Louis, MO). Diabetic animals were 
fed a high-fiber commercial primate diet (Laboratory Fiber-
Plus Monkey Diet Jumbo, 5050; Purina). All were maintained 
in compatible social groups of as many as 12 chimpanzees in 
indoor–outdoor enclosures. Animals were maintained in accord-
ance with the Guide for the Care and Use of Laboratory Animals.31 
The facility and its program are fully AAALAC-accredited, and 
all procedures were approved by our facility’s IACUC.

Blood samples for measurement of FBG and HbA1c were 
collected by venipuncture from the 81 healthy chimpanzees 
during routine physical examinations performed on sedated 
animals (3.0 to 5.0 mg/kg IM; Telazol, Fort Dodge Animal 
Health, Fort Dodge, IA) that had been fasted for 16 h. FBG 
and HbA1c values were measured in whole blood. Health as-
sessments were made at the time of the blood draw. Healthy 
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tissues to the uptake and effects of insulin, thereby lowering 
blood glucose levels. We have added glipizide, a sulfonylurea-
class hypoglycemic drug, to further decrease blood glucose 
levels in chimpanzee CB0090 (Table 3). Glipizide’s methods 
of action are not entirely understood; however, in general, it 
stimulates insulin release from the pancreas and reduces hepatic 
glucose release. For chimpanzee 778, tighter glycemic control 
is needed, given that her HbA1c exceeds 6.0%. Because all 3 
of these chimpanzees are geriatric, other disease processes are 
likely, and the use of medications such as metformin and glip-
izide must be balanced with declining renal function and other 
needed medications. Weight loss can be difficult to maintain in 
socially housed groups of chimpanzees, particularly when the 
animals are uncooperative toward increasing their exercise lev-
els; therefore, achieving optimal therapeutic goals is challenging.

HbA1c testing has some potential drawbacks. Disease condi-
tions that affect RBC or hemoglobin will affect results. Variance 
in human HbA1c values is influenced by high versus low 

chimpanzees were defined as those whose FBG were greater 
than or equal to the 95th percentile (120 mg/dL).

Determination of HbA1c reference range for chimpanzees. 
Neither age (F1, 76 = 2.29, P = 0.135), body weight (F1, 76 = 0.81, 
P = 0.370), nor sex (F1, 76 = 2.69, P = 0.105) were significant pre-
dictors of HbA1c levels in healthy chimpanzees. The median 
level of HbA1c was 4.8%. The reference interval for healthy 
chimpanzees was defined as less than the 85th percentile (less 
than or equal to 5.0%). The interval of the 86th to 94th percen-
tiles was defined as indicating prediabetic chimpanzees (5.1% 
to 5.2%). Animals with 5.3% HbA1c or more were classified as 
potentially diabetic.

Association between glucose and HbA1c. The statistical 
relationship between HbA1c and glucose was analyzed by 
correlation and regression analyses. The Pearson correlation 
coefficient indicated that the relationship between these 2 
biochemical markers was strongly linear (r = 0.462, P < 0.000). 
Linear regression11 further revealed that neither age (t = −0.267, 
P = 0.791) nor body weight (t = −0.166, P = 0.869) were signifi-
cantly associated with observed glucose levels. Expected glucose 
levels inferred from HbA1c levels were strongly associated with 
the observed glucose concentration (t = 4.61, P < 0.000), and the 
model explained 21.4% of the variation.

Discussion
The FBG intervals defined here for chimpanzees corre-

sponded to accepted reference values in healthy, prediabetic, 
and diabetic humans2 as well as to chimpanzee reference ranges 
established at other facilities.17,26,28,30,53,59 HbA1c reference val-
ues for healthy, prediabetic, and diabetic chimpanzee levels 
differed from human levels by approximately 1%, but the FBG 
value used for diagnosis of diabetes in humans is slightly higher 
(126 mg/dL) than that for chimpanzees (Table 1).2 Despite their 
close phylogenetic relationship to humans, chimpanzees have 
many differences in genes, gene expression patterns, and copy 
number variation that potentially could affect glucose me-
tabolism.42 Compared with those for chimpanzees, the values 
for HbA1c and FBG are slightly lower in rhesus macaques, for 
which HbA1c greater than 5% and FBG exceeding 100 mg/dL 
are identified as indicative of overt diabetes.19 Therefore, HbA1c 
values show some species-specific variation.

The FBG (16 h) reference range mean of 88 mg/dL that we 
determined for chimpanzees was comparable to similar reports 
in the literature, in which the reported mean ranged from 92 to 
99 mg/dL (Table 2). Although we found no significant difference 
in values between sexes, another study did,26 based on larger 
numbers of animals sampled over a 5-y period. Some variation 
was seen due to age, with most occurring in the youngest age 
groups; however, the variation was closely related from year 
to year within individual chimpanzees.26 In rhesus monkeys, 
changes in FBG and HbA1c values over time have been dem-
onstrated to be associated with disease rather than age.55

Once our reference ranges were determined, we were able 
to better evaluate glycemic control in the 3 T2DM cases (Table 
3). We had presumed that an HbA1c value of 7% or less was 
an indicator of diabetic control. This assumption was based on 
the recommendations of the American Diabetes Association for 
humans diagnosed with T2DM.2 We are now making therapeu-
tic adjustments to maintain HbA1c levels below 6% in these 
chimpanzees. Over the last several years, these 3 cases have all 
responded fairly well to Glucophage (metformin; Bristol-Myers 
Squibb, Princeton, NJ), with the consistent trend of requiring 
higher dosages to provide euglycemia (Table 3). Metformin acts 
by increasing the sensitivity of the liver, muscle, fat, and other 

Table 1. Reference values for normal, glucose-impaired (prediabetic), 
and diabetic humans, chimpanzees, and rhesus macaques

Fasting blood  
glucose (mg/dL) HbA1c(%)

Humans
High healthy 70–99 ≤ 5.6
Glucose impaired 100–125 5.7–6.4
Diabetic ≥126 ≥6.5

Chimpanzees
High healthy ≤105 ≤5.0
Glucose impaired 106–119 5.1–5.2
Diabetic ≥120 ≥5.3

Rhesus macaques
High healthy <80 <4.7
Glucose impaired 81–100 4.7–5.0
Diabetic >100 >5.0

Values for humans are from reference 2; those for chimpanzees and 
rhesus are from reference 19.

Table 2. Mean fasting blood glucose values in sedated chimpanzees at 
various facilities

Age of ani-
mals (y)

No. of 
animals 
sampled

Fasting blood 
glucose (mg/dL)

Sex-associat-
ed difference?

Facility 1 >8 550 99 Not reported

Facility 2 6–10 49 88 Not reported

>10 76 85 Not reported

Facility 3 4–6.9 29 88 None
7–9.9 27 87 None

>10 37 84 None

Facility 4 4–26 25 82 None

Facility 5 0–50 252 93.6 Yes

Our facility 6–52 81 88 None

Data for facility 1 obtained from reference 53; facility 2, reference 30; 
facility 3, reference 28; facility 4, reference 17; and facility 5, reference 
26.
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HbA1c during the period leading up to overt diabetes. Given 
the increasing prevalence of obesity among aging chimpan-
zees, such monitoring will become increasingly important to 
clinical veterinarians. A general association between obesity 
and increasing blood glucose values has been demonstrated in 
chimpanzees60 but was not observed in our study, perhaps due 
to the small numbers of confirmed cases (n = 3).

The advantages of the HbA1c test for monitoring include the 
ability to test cageside, reduced frequency for monitoring when 
compared with monitoring glucose levels alone, the convenience 
and animal welfare benefit of not requiring overnight fasting, 
and lack of acute environmental effects (stress or food-related) 
on values. In addition, HbA1c may better identify animals that 
are at risk of developing T2DM, even while the annual FBG 
value is within the normal range, because HbA1c is elevated 
due to increased postprandial glucose even while FBG remains 
normal. All of these factors make HbA1c testing particularly 
useful for consideration in screening captive chimpanzee popu-
lations and managing diabetic chimpanzees. Data from the 3 
diabetic chimpanzees demonstrated the usefulness of HbA1c 
in the identification and monitoring of diabetic or prediabetic 
chimpanzees, in that we were better able to define the need to 
change treatment when HbA1c was added to our program.

glycators,9,35,46 multiple glycated residues on α or βchains,38 
differential glycation by red cell age,9,14,56 individual variation 
in the rate of glycation or the A1c set point,35,37,65 and different 
ratios of hemoglobin fractions.7 Some of these factors are likely 
to influence HbA1c results in chimpanzees as well.

A limitation of our study was the use of only a single sampling 
point per animal for determination of the ranges of FBG and 
HbA1c levels in healthy chimpanzees. Future clinical investiga-
tions will include continued FBG and HbA1c sampling of the 
colony. The use of larger sample sizes and addition of pheno-
typic parameters should allow further evaluation of the effects 
of abdominal circumference and body condition score on FBG 
and HbA1c levels. Collection and testing of urine for glucose 
will be performed during future examinations as well. In addi-
tion, measurement of insulin levels could be of great benefit but 
was not performed at the time of sampling in the current study. 
Whether HbA1c testing in chimpanzees will lead to earlier 
identification of impaired glucose tolerance (prediabetes) will 
require collection of more extensive longitudinal data.

Because HbA1c can be used reliably to predict fasting glu-
cose over the preceding 90 to 120 d, daily or weekly heel-sticks 
of chimpanzees requiring monitoring (prediabetic animals or 
those on oral antidiabetic medications) potentially could be 
abandoned in favor of bimonthly or monthly monitoring of 

Table 3. Three cases of T2DM in chimpanzees with clinical history of mean fasting blood glucose and hemoglobin A1c values

Animal Description Year Weight (kg)
Mean fasting blood 

glucose (mg/dL)
Mean HbA1c 

(%) Notes

CB0090 Adult female; born 
1 Jan 1971; HIV (+)

2001 58 360 not tested T2DM diagnosed; began glucophage 850 
mg twice daily; started high-fiber diet.

2002 48.5 127 not tested Glucophage increased to 1063 mg twice 
daily.

2003 62 132 not tested Renal cyst found on ultrasound exam.
2004 62 342 10.2 Systemic hypertension diagnosed.
2005 65 135 Glucophage increased to 2000 mg daily. 

Began glipizide 5 mg daily.
2006 65.5 122 5.3
2007 66 106 5.5
2008 61 121 5.6
2009 61 141 4.6 Slight anemia: A1c perhaps decreased arti-

factually due to decreased RBC.
2010 58 109 4.7

836 Adult female; born 
1 Jan 1971; Hepatitis 
C (+)

2003 not tested 148
2004 not tested 155 5.9
2005 51.5 144 6.3 T2DM diagnosed; began glucophage 850 

mg twice daily.
2006 47 107 6.0
2007 46.5 112 5.6
2008 50 not tested 7.3 Began high-fiber diet.
2009 47.5 140 6.4
2010 45 110 5.6

778 Adult female; born 
23 July 1972

2005 not tested not tested not tested T2DM diagnosed; began glucophage 850 
mg twice daily.

2006 63.5 118 5.7
2007 64 110 5.6
2008 64.5 116 6.2 Began high-fiber diet.
2009 65.5 139 8.7
2010 66.5 118 6.6 Better control needed—evaluate at next 

scheduled exam.
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