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Diabetes in Maeaea nigra: Metabolic and Histologic Changes 

Ch. F. Howard, Jr.  
Oregon Regional Primate l~eseareh Center, Beaverton, Oregon, USA 

Summary. Expanded studies on the spontaneous 
diabetes mellitus in Macaca nigra provide additional 
support to analogies between this animal mode] and 
human diabetes. Abnormal signs include hyperglycemia, 
decreased clearance of glucose in intravenous tolerance 
tests, reduced insulin secretion and increased serum lipids 
(triglyceride, prebetalipoprotein and nonesterified fat ty 
acids). Insulin secretory capacity is lost concomitant with 
amyloid infiltration into the islets of Langerhans; addi- 
tional metabolic aberrations may also reduce insulin 

secretion or action. Secondary manifestations are athero- 
sclerosis, thickened basement membranes of muscle 
capillaries, and cataracts. In all probability, a genetic 
predisposition in these monkeys is exacerbated by changes 
in diet and environment. 
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Introduction 

A high incidence of spontaneous diabetes mellitus 
has been found in Macaca nigra (Celebes black apes) 
[1]. Although diabetes has been diagnosed in occasional 
members of several non-human primate species [2--7], 
more than  50% of the Macaca nigra present diabetic 
signs of apparent ly  increasing frequency and severity. 
This syndrome has now been further characterized as 
more monkeys become available and as more colony 
members are examined over a span of several years. 
In  this report, more detailed information is presented 
in respect to metabolic and morphologic abnormalities. 

Materials and Methods 

A colony of Macaca nigra (Celebes black apes) at 
the Oregon Pr imate  Center has been surveyed. 53 
monkeys were studied after an overnight fast of 16 h 
for serum levels of glucose, immunoreactive insulin 
(IRI),  triglycerides and lipoproteins. In  addition, 
intravenous glucose tolerance tests (0.5 or 1.0 g glucose 
per kilogram body weight) were performed after a 
20 h fast and the glucose disappearance rate K 1 [8] 
from the blood was calculated. 

Blood glucose was measured using a Technicon 
Autoanalyser. I R I  was determined by radioimmuno- 
assay [9] (Amersham/Searle, Inc.). Triglycerides were 
measured by  the method of Pinter [10] (Worthington 
Biochemical Corp., New Jersey) and lipoproteins 
were separated on agarose gel e]ectrophoresis [11] 
(Pol E-Film, Pfizer Diagnostic Co.) and stained with 
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t~ is the time (in minutes) for the glucose concentration to 
decrease to half. 

Fat  Red 7B. The percentage of lipoprotein bands was 
determined by  densi tometry scanning. 

Pancreas samples were removed by  biopsy or 
taken at autopsy, fixed in Zenker's solution and 
stained by  standard techniques. Aortas were fixed in 
formaldehyde until they could be stained with Sudan 
IV. Muscle biopsies of the left femoral quadriceps 
were taken from 12 male and 8 female mature monkeys 
(more than 10 years of age), fixed in 2% osmium 
tetroxide in 0.05 M collidine buffer, p H  7.4 for 2 h, 
subjected to rapid alcohol dehydration and embedded 
in araldite epoxy resin. Muscle capillaries were studied 
by  electron micrographs at  a to ta l  magnification of 
25 000 •  They were evaluated according to the method 
of Siperstein [12]. Basement membranes were meas- 
ured between the outer periphery of the endothelial 
cells and the collagen fibrils, where they were present. 
All electron microscopy was done by  one person. A 
second person measured enough points of basement 
membrane thickness to accumulate 100 to 200 indivi- 
dual measurements per monkey, and a third person 
carried out statistical analyses. 

Results 

Population Characteristics, Incidence of Diabetes, Meta- 
bolic Abnormalities 

53 monkeys of the colony were studied by  all 
4 tests: levels of glucose, I R I  and triglycerides, and 
disappearance rate K for glucose during intravenous 
glucose tolerance tests. Values were called "abnormal"  
at  glucose > 125 rag/100 ml, I R I  < 20 ~U/ml, tri- 
glycerides > 150 rag/100 ml and a K value < 1.0% 
per min. A monkey was classified as "diabetic" when 
three of the tests were abnormal  An animal with one 
or two abnormal tests was called "borderline diabetic". 
According to these criteria 9 animals were found to be 
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diabetic, 17 borderline diabetic and 27 monkeys were 
classified as "normal", as shown in Fig. I. 

Typical patterns of intravenous glucose tolerance 
tests with t h e  concomitant insulin responses are 
shown in Fig. 2. Although the peak glucose values 
differ little between normal and diabetic monkeys, 
the insulin responses to the glucose challenge were 
characteristically delayed in borderline diabetic ani- 
mals (No. 531 and No. 579) and almost nonexistent in 
diabetic apes (No. 537). As expected, there was a delay 
in glucose disappearance with a correspondingly lower 
K value (Fig. 2). 

As serum lipids are generally lower in monkeys 
thaa  in humans [13] the upper limit of normal tri- 

glyceride was set at 150 rag/100. Increased levels in 
diabetic monkeys were generally reflected by an 
increase in prebetalipoprotein. Fig. 3 shows represen- 
tative electrophoretic patterns. In diabetic serum 
(No. 537) as much as 44% of lipoprotein was found in 
the prebeta area. Nonesterified fa t ty  acids were also 
found in higher concentration in diabetic monkeys 
(1200 ~eq/1 versus 800 ~Eq/1 in normal animals [13]. 

Morphologic Findings 
Pancreatic Islets 

At autopsy, varying degrees of amyloid infiltration 
were found in the islets of adult apes. Most often the 
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Fig. 1. Pedigree and information about Macaca nigra at the Oregon Regional Primate l~esearch Center, December 
1961 to April 1974. [] = males; �9 = females. :No. 576 has mated with the females to produce the offspring in- 
dicated. Two matings are attributed to No. 537 ; this male was later removed from the colony to prevent conflicts 
with dominant male :No. 576. Those with separate symbols at the bottom have no known relationship to the rest of 
the colony. X (insufficient information) refers to monkeys which could not be tested sufficiently to attribute them 

to a gi.ver~ group 
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degree of infiltration paralleled severity and duration 
of diabetes. Fig. 4b shows infiltration in comparison 
to an islet of a non-diabetic monkey (Fig. 4a). Some 
cells still appear viable in the amyloid infiltrated 
pancreas (Fig. 4b) but I g I  production was so low in 

betie animals showed only minor changes such as 
some wall thickening with moderate sudanophilic 
blush (Fig. 5, Monkey No. 511). Animals with border- 
line diabetes presented varying amounts of vascular 
damage. 
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Fig. 2. Representative intravenous glucose tolerance tests in normal (upper left panel), borderline diabetic (upper 
right and lower left panels) and diabetic (lower right panel) Celebes black apes 

Fig. 3. Agarose gel eleetrophoresis of serum lipoproteins. 
N = normal; BD = borderline; D = diabetic Maeaea 
nigra. % prebeta is the percent of lipoprotein present as 

prebetalipoprotein 

this particular monkey that insulin therapy was 

necessary. 

Aorta 

Atheroselerosis of the aorta  was much more 
pronounced in diabetic animals [14]. Extensive lipid 
and fibroelastic lesions were observed, with involve- 
ment  of the entire length of the aorta  as exemplified 
in Fig. 5. (~onkey No. 520). Arteries from n0n-dia- 

Basement Membranes of  Muscle Capillaries 

As shown by  Siperstein et al. [12] in human 
diabetes, spontaneously diabetic apes exhibited signi- 
ficantly (p = 0.02) thicker basement membranes of 
muscle capillaries. (.820 3mgstroms in diabetic versus 
696 Angstroms in normal animals). A representative 
capillary is shown in Fig. 6. As well as all over thick- 
ening of the basement membrane in diabetic apes, 
there was a considerable variat ion in thickness obser- 
ved within one circumference of a given capillary. In  
an effort to seek a causative factor for the thickened 
basement membrane, correlation studies were under- 
taken as shown in Table 1. Significant simple corre- 
lations were found between the basement membrane 
thickness and the serum levels in overnight fasted 

Table 1. Simple linear regression analysis between capillary 
basement membrane thickness and fasting serum levels of 
I t~I ,  glucose and triglyceride as well as K-value in Macaca 

n~gra 

Basement membrane r p 
thickness versus : 

IRI -- 0,695 0.005 
Glucose 0.720 0.003 
Triglyeeride 0.575 0.02 
K-value -- 0.467 0.07 

Number of monkeys was 16 for all correlations. 
r = sample correlation coefficient. 
p = probability computed from a two-tailed test. 
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animals of triglyceride, glucose and IRI .  The closest 
correlation ( r=0.720;  p=0 .003 )  was observed for 
serum glucose. In  contrast, glucose tolerance (K 
value) was not significantly correlated with basement 
membrane thickness. Of the 16 monkeys biopsied for 
measurements of the thickness of the muscle capillary 
basement membrane, 8 were normal and 4 diabetic. 

Fasting glucose levels averaged 205 mg/100 ml in the 
diabetic versus 73 rag/100 m l  in the nondiabetic 
(p = 0.002). Serum insulin was decreased from 
27 ~,U/ml in normal to 12 btU/ml in diabetic monkeys 
(p < 0.001). Triglycerides had a mean of 219 rag/100 ml 
in diabetic monkeys versus 84 mg/100 ml in non- 
diabetics (p < 0.001), and finally, K values of diabetic 

Fig. 4, Islet of Langerhans from a normal (A) and diabetic (B) monkey. There is extensive amyloid infiltration in B 
and few viable cells are visible. (I-Iematoxylin and eosin, original magnification 335 • 

Fig. 5. Aorta from a normal (No. 511) and diabetic (No. 520) Macaca nigra. (Sudan IV staining) 
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monkeys  averaged 0.6 versus 2.1 in normal  animals 
(p = 0.03). 

Eyes 
In one male monkey with diabetes of several years 

duration, bilateral cataracts developed, incapacitating 
the animal, l~ig. 7 shows that the structure of the 
cataract resembles those seen in humans. After 
surgical removal of the lenses, the monkey again 
behaved normally. 

feature of the syndrome is an increase in serum 
prebetalipoproteins.  This m a y  also be due to  the 
insufficient amount  of insulin in the blood. Morpho- 
logical examinat ion has revealed a marked infiltration 
of amyloid in the pancreat ic  islets, an impressive 
atherosclerosis, thickened basement  membranes  of 
muscle capillaries and, in one monkey,  cataracts.  

As ment ioned above, the insulin deficiency is 
most  p robab ly  the major  causative factor  for the 

Fig. 6. Cross section of a muscle capillary of a diabetic monkey. The basement membrane is situated between the 
collagen fibrils and the endothelial cell. Measurements of the basement membrane were made around the capillary 
between the two arrows. P = perieyte; EC = endothelial cell ; CF = collagen fibrils. Original magnification 25,000 • 

Discussion 

The present paper  summarizes a survey of a large 
colony of a n o n h u m a n  pr imate  species, Macaca nigra, 
in which diabetes mellitus occurs in more than  half 
the animals. The syndrome is characterized by  in- 
creased serum levels of glucose and triglyceride in the 
overnight  fasted animals, and in a marked intolerance 
to glucose. The explanat ion of this finding is p robably  
the insufficient release of insulin. Another  metabolic 

metabolic abnormalit ies and the resul tant  morpho- 
logical changes. The histological counterpar t  for this 
insulin deficiency lies in a severe amyloid infiltration 
of the islets of Langerhans.  Similar infiltration has 
been described in other  non-human  pr imate  species 
[7, 15]. Is  the amyloid infiltration an active pr imary  
process, or is it occurring secondary to a previous 
insult  to  the islets ? Morphological studies are unable 
to provide the answer. Since some viable beta cells 
were still present within these islets, one would 
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postulate some additional -- perhaps metabolic -- 
factor contributing to the severity of diabetes in 
some monkeys (Fig. 4b). 

The lack of functional beta cells is comparable to 
what occurs in juvenile type human diabetes and, in 
some instances, in adult-onset type diabetes. However 
the development of the full clinical picture of this 
monkey diabetes may require several years, whereas 
human juvenile type diabetes develops generally 
over a much shorter period. Thus an impaired ability 
to respond to dietary stress in these monkeys could 
gradually cause sufficient imbalances in metabolic 
homeostasis so that  the diabetic signs and secondary 
manifestations would eventually emerge. 

As most of the described lesions occur also in 
human diabetes, the syndrome seen in the Macaca 
nigra represents a particularly interesting model of 
diabetes mellitus. 
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Fig. 7. Cataract development in a severely diabetic monkey 

The influence of diet on the diabetic syndrome in 
these monkeys may be considerable. Indeed, hyper- 
glycemia may be related to the high carbohydrate 
intake of the animals, as Purina 25| chow contains 
as much as 55% carbohydrate. The low dietary lipid 
content (less than 6%, half of which is triglyceride 
and less than 0.01% cholesterol) may result in serum 
lipid levels lower in these monkeys than in man. 

Secondary manifestations of this monkey diabetes 
appear to be influenced by the duration of diabetes. 
The severe atheroselerosis in aortas (Fig. 5) appears 
to parallel the alteration in the islets. Arteries, 
typically damaged in other diabetic syndromes, have 
not been studied in the present investigation. Capil- 
laries, however, showed the typical thickening of the 
basement membrane as observed in human diabetes 
[12]. 

Thus far, only one monkey has developed cataracts 
(Fig. 7). These lesions were more often observed in 
monkeys made diabetic by the injection of strepto- 
zotocin [16]. I t  may be that  the Macaca nigra of the 
Oregon Primate Center have not been observed over a 
sufficiently long period, or that  their diabetic syn- 
drome is less severe in this respect. 

Branch Grant Rt~ 00163, both from the Division of 
Research Resources, National Institutes of I-Iealth, to the 
Oregon Regional Primate Research Center. This is publi- 
cation No. 726 ~rom the Oregon Regional Primate 
I~esearch Center. 
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