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ABSTRACT

Aim. To summarize the results of research on metabolic syndrome in monkeys excluding apes and to conduct a 
comparison with humans.

A search for full-text publications in PubMed and Scopus databases was carried out using the following keywords: 
nonhuman primate, monkey, obesity, diabetes mellitus, metabolic syndrome, insulin, atherosclerosis, hypertension. 
Articles were selected that describe studies involving the following monkey species: cynomolgus monkeys 
(Macaca fascicularis), rhesus macaques (Macaca mulatta), baboons (Papio sp.), grivets (Cercopithecus aethiops), 
and common marmosets (Callithrix jacchus).

The development of various metabolic syndrome criteria was demonstrated in all monkey species reviewed. Many 
similarities with humans were revealed: macaques with obesity, insulin resistance, and type 2 diabetes mellitus 
demonstrated an increase in total cholesterol, triglycerides, and free fatty acids and a decrease in the concentration 
of high-density lipoprotein cholesterol. Obesity and insulin resistance were precursors to impaired carbohydrate 
metabolism. Blood pressure increased along with the progression of insulin resistance. The similarity of genetic and 
environmental risk factors between humans and monkeys is important in the development of metabolic syndrome.

The reviewed data suggest that the use of monkeys in biomedical research remains an indispensable resource 
for the study of pathogenesis and assessment of the efficacy and safety of new therapeutic strategies targeting 
clinically important metabolic diseases, including obesity, dyslipidemia, atherosclerosis, type 2 diabetes mellitus, 
and, possibly, other conditions associated with metabolic syndrome.
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РЕЗЮМЕ 

Цель работы – обобщение результатов исследований по изучению метаболического синдрома на низших 
обезьянах, проведение сравнительной характеристики с человеком.

Осуществлен поиск полнотекстовых публикаций в базах данных PubMed, Scopus по ключевым словам: 
nonhuman primate, monkey, obesity, diabetes mellitus, metabolic syndrome, insulin, atherosclerosis, hypertension. 
Отобраны статьи, описывающие эксперименты с участием следующих видов обезьян: яванские макаки 
(Macaca fascicularis), макаки-резус (Macaca mulatta), павианы (Papio sp.), африканские зеленые мартышки 
(Cercopithecus aethiops), обыкновенные игрунки (Callithrix jacchus).

Развитие различных критериев метаболического синдрома показано у всех рассмотренных видов обезьян. 
При этом имеется много сходных с людьми черт: у макак с ожирением, инсулинорезистентностью и 
сахарным диабетом 2-го типа выявляются повышение уровня общего холестерина, триглицеридов и 
свободных жирных кислот, снижение концентрации холестерина липопротеидов высокой плотности. 
Предвестником нарушения углеводного метаболизма являются ожирение и инсулинорезистентность, по 
мере прогрессирования которой также увеличивается артериальное давление. В развитии метаболического 
синдрома немаловажным является сходство между людьми и обезьянами генетических и средовых 
факторов.

Возможность использовать обезьян в качестве биомодели человека остается незаменимым ресурсом 
для изучения патогенеза, оценки эффективности и безопасности новых терапевтических стратегий, 
направленных на клинически важные метаболические заболевания, включая ожирение, дислипидемию, 
атеросклероз, сахарный диабет 2-го типа и прочие состояния, ассоциированные с метаболической 
дисфункцией.

Ключевые слова: обезьяны, модель, метаболический синдром, ожирение, сахарный диабет, артериальная 
гипертензия
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INTRODUCTION
Metabolic syndrome (MS) is a complex of 

symptoms that combines a number of metabolic 
disorders, namely insulin resistance, central obesity, 
atherogenic dyslipidemia, and arterial hypertension. 
Historically, G. Reaven proposed the term “syndrome 
X” in 1988, which was later called “MS” to 
differentiate from syndrome X in cardiology [1]. The 
first formal definition of MS was proposed in 1998, 
it was clarified several times, and currently there are 
main diagnostic criteria for MS (waist circumference 
or body mass index) and additional ones (fasting 
glucose level, impaired glucose tolerance, glycated 
hemoglobin level, low-density lipoprotein cholesterol 
level, and blood pressure) [2, 3]. 

When diagnosing MS, Russian experts use the 
criteria adopted by the Russian Scientific Society of 
Cardiology, according to which the main criterion 
for MS is abdominal obesity (waist circumference). 
Additional criteria (the presence of two or more) 
include arterial hypertension, increased triglyceride 
levels, decreased high-density lipoprotein cholesterol, 
increased low-density lipoprotein cholesterol, fasting 
hyperglycemia, and impaired glucose tolerance [4]. At 
the same time, MS is not considered as an independent 
nosological entity. The pathogenesis of MS includes 
a variety of genetic and acquired conditions that fall 
under the definition of insulin resistance and systemic 
chronic low-grade inflammation. If left untreated, 
MS is largely associated with an increased risk of 
developing type 2 diabetes mellitus (T2DM) and 
cardiovascular diseases [5]. The prevalence of MS 
ranges from 20 to 25% in adults and from 0 to 19.2% 
in children, and in patients with T2DM, it reaches 80% 
[6]. With age, the likelihood of developing metabolic 
disorders increases [7]. 

The widespread occurrence of MS and its particular 
clinical significance predetermine the active study 
of the pathological physiological mechanisms and 
morphological manifestations of MS. A large number 
of experimental models have been created on various 
animal species. Diabetes and obesity are modeled 
using high-calorie diets, chemicals, modification of 
the genetic apparatus of the cell, etc. [8, 9]. A special 
place among animals used to study the pathogenesis 
of MS is occupied by monkeys, which, along with 
humans, belong to the order of primates. This is 
due to a close genetic relationship with humans and 
similar physiological changes associated with obesity 
and metabolic disorders, similar life expectancy, and 
aging [10, 11]. 

The laboratory primate model should be considered 
as an important translational crossover between basic 
studies in rodent models and clinical studies in humans. 
Previously, the suborder of monkeys included the broad 
nosed monkeys (Platyrrhina), or New World monkeys, 
and the narrow nosed monkeys (Catarrhina), or Old 
World monkeys, which include the apes (Hominoidea) 
and humans. Recently, primates have been classified 
into the suborders Strepsirrhini and Haplorhini, the 
latter including tarsiers and monkeys [12]. In English-
language literature, the term Non-human Primates is 
usually used, which should be translated from English 
to Russian as “primates other than humans” according 
to the taxonomy of the order, and is important to 
consider when analyzing scientific data. 

However, a question arises whether it is possible 
to generalize such a diverse order when describing it 
as a human biomodel. It is probably possible but with 
certain limitations. Thus, it has been shown that waist 
circumference was positively correlated with systolic 
and diastolic blood pressure, glucose levels, and 
insulin resistance in chimpanzees of both sexes, and 
body weight was correlated with systolic and diastolic 
blood pressure in female chimpanzees and with 
triglyceride levels in male chimpanzees. Moreover, 
waist circumference is more associated with metabolic 
risk factors than body weight, especially in female 
chimpanzees [13]. In captive populations of aging 
adult chimpanzees, T2DM was described based on 
persistent fasting hyperglycemia, the presence of 
glycosuria, and the age of the disease onset. 

However, cardiac pathology in humans and 
chimpanzees differs according to histopathological 
studies of the affected chimpanzee heart. Sudden 
cardiac death in chimpanzees (as well as gorillas 
and orangutans) is usually associated with diffuse 
interstitial myocardial fibrosis of unknown etiology, 
while in humans most cardiac diseases are known to be 
associated with atherosclerotic lesions of the coronary 
arteries. A typical human myocardial infarction 
caused by coronary thrombosis is rare in these 
monkey species, despite the human-like blood lipid 
profiles potentially associated with a high coronary 
risk. On the contrary, heart attacks in chimpanzees are 
probably associated with arrhythmias caused by the 
aforementioned myocardial fibrosis [14]. 

Apes are currently practically not used in 
biomedical research for ethical reasons [15]. Therefore, 
other species of the Haplorhini suborder are of 
greater interest. Monkeys exhibit the development of 
various age-related diseases, including cardiovascular 



154 Bulletin of Siberian Medicine. 2024; 23 (2): 151–161

diseases, impaired glucose metabolism, redistribution 
and a general increase in the amount of fat [16]. The 
development of diabetes and obesity has been described 
in many monkey species. Among representatives 
of the Old World, diabetes develops in cynomolgus 
macaques (Macaca fascicularis), rhesus macaques 
(Macaca mulatta), baboons (Papio sp.), and African 
green monkeys or grivets (Cercopithecus aethiops) 
[17]. Among New World monkeys, diabetes has been 
described in common marmosets (Callithrix jacchus), 
squirrel monkeys (Saimiri sciureus), capuchins 
(Cebus apella) and tamarins (Saquinus sp.) [18, 
19]. Obese cynomolgus macaques [14] and common 
marmosets have a number of metabolic parameters 
similar to those that determine MS in humans [18]. 
Below we will summarize the data on the criteria for 
MS in different species of monkeys excluding apes.

OBESITY, DYSLIPIDEMIA
Obesity can be induced in monkeys fed with 

a hypercaloric diet and is also often observed 
spontaneously, especially in rhesus monkeys, 
cynomolgus monkeys, African green monkeys and 
squirrel monkeys [20]. Hamilton et al. first reported 
characteristics of spontaneously obese middle-
aged male monkeys in the early 1970s. Such rhesus 
macaques were characterized by hyperinsulinemia, 
hyperlipidemia, and with prolonged or severe obesity, 
the development of insulin-dependent DM was 
observed. It was shown that body weight was not 
a reliable indicator for determining the severity of 
obesity, and the amount of fat in an animal body was 
correlated best with waist circumference (r = 0.981) 
and the thickness of the skin fold on the anterior chest 
wall (r = 0.912). “Very obese” rhesus macaques of 
both sexes had a significant increase in fasting serum 
insulin levels, elevated insulin values after a glucose 
challenge, and insulin resistance [21]. 

In another study, in rhesus monkeys, waist 
circumference correlated best with body fat content  
(r = 0.90). There was also a strong linear relationship 
between waist circumference and plasma insulin 
levels (r = 0.66), impaired glucose tolerance (r = 
–0.53), but not with blood glucose levels, lipoprotein 
fractions or free fatty acids [22]. The pattern of 
abdominal fat distribution in the body of an obese 
person is similar [21]. 

Since obesity plays a key role in the progression 
of insulin resistance, MS, and T2DM, measuring 
body fat in animals is important [23]. Obesity is 
associated with increased levels of leptin in the blood 

of cynomolgus and rhesus macaques, as well as 
baboons. Leptin concentrations were often elevated in 
T2DM in rhesus and cynomolgus monkeys and were 
significantly correlated with body weight (r = 0.72). 
Moreover, leptin levels increased proportionately 
with insulin resistance and obesity in macaques, but 
decreased slightly with the development of T2DM and 
associated fat loss [17]. 

Leptin levels correlate positively with insulin 
concentration and body fat, with which adiponectin 
levels correlate negatively [14]. In a study on a 
population of African green monkeys of 98 males 
and 157 non-pregnant females, waist circumference 
was correlated with increased blood triglyceride 
concentrations. Moreover, females had a higher 
concentration of triglycerides than males and had a 
high risk of central obesity and a poor lipid profile [24]. 
Monkeys with diabetes with relative insulinopenia had 
elevated levels of cholesterol and triglycerides, which 
was associated with impaired activity of lipoprotein 
lipase, an insulin-dependent enzyme playing an 
important role in the catabolism of very low-density 
lipoproteins rich in triglycerides and to a lesser extent – 
low-density lipoproteins. In addition, in T2DM, the 
content of free fatty acids increases [17]. 

The development of obesity is accompanied by 
nonspecific tissue damage in the form of lipidosis and 
liver glycogenosis, as well as fatty infiltration of many 
organs [25]. Numerous studies of atherogenesis in 
monkeys exposed to a high-fat high-cholesterol diet 
demonstrated changes in the lipid profile similar to 
those in humans. Significant individual differences in 
the development of dyslipidemia and atherosclerosis 
were also established. In particular, no atherosclerotic 
changes were practically observed in some 
individuals, despite severe hypercholesterolemia [26]. 
The fatal fasting syndrome has been described in 
obese macaques, which is manifested by sudden death 
without previous signs of illness, often following short 
periods of anorexia or 20–30% body weight loss over a 
period of several days to two weeks. The pathogenesis 
of this syndrome has not been fully studied [27].

Baboons are considered as a model object for 
studying the genetics of obesity, in particular, 
genotyping and phenotypic characterization of a colony 
of baboons (more than 16,000 individuals traced in 
seven generations) is being carried out at the Southwest 
National Primate Research Center of the USA [28]. With 
increasing weight, animals showed an increase in body 
fat, waist circumference, and leptin concentration in 
the blood. Body composition analysis carried out using 
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the bioelectrical impedance method showed that when 
female baboons reach 20 kg (average adult weight is 
19 kg), and males reach 38 kg (average adult weight is 
31 kg), the amount of body fat is 20%. Many indicators 
of carbohydrate metabolism and obesity (body weight, 
insulin, glucose, C-peptide, triglycerides, adiponectin) 
are largely hereditary [28, 29].

FASTING HYPERGLYCEMIA, IMPAIRED 
GLUCOSE TOLERANCE, T2DM

As in humans, rhesus macaques, cynomolgus 
macaques, and baboons have an association of T2DM 
with age and body weight, mainly due to obesity. 
About 30% of cynomolgus macaques over 15 years of 
age have basal and / or postprandial hyperinsulinemia 
[17]. In rhesus monkeys, insulin sensitivity decreases 
with age [30]. However, obesity alone is not enough 
to predict the development of T2DM. T2DM is 
a progressive disease in macaques. It is initially 
characterized by normal glucose tolerance and insulin 
resistance with compensatory hyperinsulinemia. All 
monkeys with progressive development of T2DM 
were obese, but some obese monkeys maintained 
normal glucose tolerance [31]. 

Cynomolgus and rhesus monkeys have insulin 
resistance and hyperinsulinemia for a long time before 
the development of overt DM [32]. Subsequently, 
amyloid is deposited, and the number of β-cells 
decreases in the pancreatic islets. Insulin secretion 
cannot be maintained at an elevated level, the 
concentration of circulating insulin decreases, and 
impaired glucose tolerance develops. The mechanisms 
are identical to those in humans [33]. As obesity, 
insulin resistance and T2DM progress, postprandial 
glucose levels increase earlier than fasting glucose 
concentrations [17]. Glycation increases due to 
non-enzymatic binding of glucose to amino acid 
groups of proteins. As in humans, in monkeys with 

hyperglycemia, the blood levels of fructosamine 
(a product of albumin glycation) and glycated 
hemoglobin increase [10, 34]. 

Finally, when endocrine pancreatic function is 
insufficient, animals with T2DM may have elevated 
fasting insulin levels, but they cannot respond 
adequately to glucose administration, and fasting 
glucose levels increase. Calorie restriction and the 
use of oral hypoglycemic drugs are effective for 
some time, but over time, exogenous insulin is often 
required [35]. Grivets are susceptible to developing 
obesity and diabetes when kept in captivity. Females 
are especially at risk for central obesity and a poor 
lipid profile. Females with elevated levels of glycated 
hemoglobin had impaired glucose tolerance and 
central obesity, but not insulin resistance. A strong 
hereditary pattern was found suggesting the presence 
of a monogenic form of diabetes, such as MODY 
diabetes mellitus or mitochondrial diabetes [36].

The determination of reference values for 
biochemical parameters for all monkey species (Tables 
1–3) used in biomedical research is still an important 
issue. For example, blood glucose concentrations 
may be affected by the status of the animal before 
blood collection, the procedure itself (stress, sedation, 
anesthesia), handling of blood samples (duration and 
temperature of storage, bacterial contamination), 
and the reliability of the determination method used. 
The tables provide data reflecting the differences and 
partial registration of indicators in different studies. 
In monkeys, fasting glucose concentrations are 
20–30 mg / dl lower (conversion: 1.1–1.7 mmol / l) 
than in humans, and fasting glucose concentrations 
in the range of 100–126 mg / dl (conversion: 5.6–7.0 
mmol / l) clearly indicate diabetes [17, 34]. Fasting 
glucose concentration differs depending on the stage 
of carbohydrate metabolism disorder and increases 
significantly in overt T2DM.

T a b l e  1

 Some anthropometric and biochemical parameters of M. mulatta monkeys with metabolic disorders

Diet Number and characteristics 
of animals

Fasting glu-
cose, mmol / l HbA1c TC, mmol / l TG, mmol / l Insulin,  

µU / ml
Waist circum- 
ference, cm Ref.

Standard*

4 obese males 3.5 ± 0.2 – 3.67 ± 0.34 0.99 ± 0.17 164.7 ± 37.9** 74.9 ± 5.4

[21]
4 obese females 3.3 ± 0.2 – 4.09 ± 0.23 0.91 ± 0.02 109.7 ± 16.3** 58.4 ± 3.1

3 males without obesity 3.2 ± 0.2 – 2.61 ± 0.36 0.42 ± 0.05 26.2 ± 11.8** 36.5 ± 1.6
3 females without obesity 2.9 ± 0.1 – 3.49 ± 0.62 0.52 ± 0.08 48.2 ± 11.5** 36.3 ± 4.2

Standard*
18 males with MS 4.46 ± 0.21 – 3.31 ± 0.19 1.04 ± 0.15 58.9 ± 15.8 52.14 ± 2.35

[37]
17 control males 3.90 ± 0.10 – 3.50 ± 0.16 0.58 ± 0.05 18.5 ± 3.6 41.97 ± 2.49
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T a b l e  1  ( c o n t i n u e d ) 

Diet Number and characteristics 
of animals

Fasting glu-
cose, mmol / l HbA1c TC, mmol / l TG, mmol / l Insulin,  

µU / ml
Waist circum- 
ference, cm Ref.

Standard***

«Full health» stage. 12 
males, 3.0–8.9 years old 3.7 ± 0.1 – – – 42.0 ± 3.0

–
(4-16% of body 

fat

[31]
The stage of severe hy-
perinsulinemia. 6 males, 

14.3–19.6 years old, obese
4.4 ± 0.2 – – – 415.0 ± 84.2

–
(25–44% of body 

fat)
The stage of overt diabetes. 

7 males, 14.8–21.3 years 
old, obese

10.8 ± 1.1 – – – 45.0 ± 5.1
–

(18–30% of body 
fat)

* body weight in obese males exceeded by 207% and in females – by 173% the body weight of animals without obesity. ** converted from 
pmol / l (1 pmol / l = 0.144 μU / ml). *** Among 42 males aged 3–28 years, weighing 5.0–31.7 kg (28 animals were initially obese), 8 stages of 
carbohydrate and lipid metabolism disorders were identified from the “full health” stage to the “overt diabetes” stage, the latter was characterized 
by weight loss and severe glycosuria. 

T a b l e  2

 Some anthropometric and biochemical parameters of M. fascicularis monkeys with metabolic disorders

Diet Number and characteristics 
of animals

Fasting glucose, 
mmol / l HbA1c TC, mmol / l TG,  

mmol / l
Insulin,  
µU / ml

Waist circum-
ference, cm Ref.

High in car-
bohydrates 
and low in 
cholesterol 

Control – 7 males and 5 
females 3.06 ± 0.13* – 3.52 ± 0.18* 2.22 ± 0.31* 12.8 ± 2.2 –

[17]

5 males and 3 females with 
hyperinsulinemia 3.83 ± 0.25* – 3.65 ± 0.33* 1.76 ± 0.16* 56.5 ± 10.4 –

3 males and 7 females with 
impaired glucose tolerance 3.44 ± 0.22* – 3.91 ± 0.77* 1.89 ± 0.33* 15.1 ± 1.6 –

4 males, 1 female with 
hyperinsulinemia and im-
paired glucose tolerance**

4.95 ± 0.57* – 3.36 ± 0.52 8 5.69 ± 1.71* 62.7 ± 13.5 –

Standard* 

24 control males 3.19 ± 0.09 * 3.8 ± 0.3 % 2.77 ± 0.1* 0.80 ± 0.10* 11.4 ± 0.9 –

[17]17 males and 8 females 
with type 2 diabetes 

mellitus 
14.44 ± 1.21 * 10.7± 1.4 % 4.24 ± 0.39* 9.13 ± 1.24* 90.6 ± 18.5 –

* converted from mg / dl (glucose: 1 mmol / l = 18.018 mg / dl; TC: 1 mmol / l = 38.66 mg / dl, TG: 1 mmol / l = 88.5 mg / dl). ** animals in this 
group were obese, exceeding by 40% the average body weight of animals in other groups.

T a b l e  3

 Some anthropometric and biochemical parameters of Cercopithecus aethiops monkeys with metabolic disorders

Diet Number and characteristics 
of animals

Fasting glucose, 
mmol / l HbA1c TC,  

mmol / l
TG,  

mmol / l
Insulin,  
µU / ml

Waist circumfer-
ence, cm Ref.

Standard* 

157 females, general 
population 3.35 ± 0.13* 5.,48 ± 

0.15 %
3.96 

±0.07*
1.00 ± 
0.05* 27.7 ± 1.7 37.8 ± 0.39

[24]Control, 4 females 3.36 ± 0.26* 5.27 ± 0.19 
% – 1.27 ± 

0.27* 20.8 ± 5.2 38.37 ± 0.36

Impaired glucose toler-
ance, 3 females 5.81 ± 0.41* 8.30 ± 0.40 

% – 3.05 ± 
1.04* 26.5 ± 2.8 43.33 ± 2.17

* converted from mg / dl (glucose: 1 mmol / l = 18.018 mg / dl; TC: 1 mmol / l = 38.66 mg / dl, TG: 1 mmol / l = 88.5 mg / dl).

ARTERIAL HYPERTENSION, 
CARDIOVASCULAR PATHOLOGY

Diagnosis of spontaneous arterial hypertension 
is challenging in monkeys. Awake animals must be 
restrained during the procedure, which is a stressful 
factor that increases blood pressure. The use of 

sedatives is usually accompanied by changes in blood 
pressure. And the use of telemetry systems is limited 
by the need for surgical implantation and the service 
life of the system itself [38]. Spontaneous arterial 
hypertension develops in rhesus monkeys and grivets 
[39]. Two models of hypertension in baboons showed 
a doubling of the number of fatty streaks in the 
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abdominal aorta, iliofemoral artery, brachial artery, 
and coronary arteries after 13 months, regardless of 
plasma lipid levels [40]. 

Lesions of the main blood vessels cause death 
in people with T2DM and are associated with the 
progression of atherosclerosis leading to coronary 
heart disease and stroke [41]. Atherosclerotic 
manifestations are significantly more common in 
monkeys with spontaneous or drug-induced diabetes 
[26]. Cynomolgus macaques show an increase in blood 
pressure and inflammatory markers as they progress 
from insulin resistance to T2DM [19]. Rhesus macaques 
are some of many animal models for diabetic peripheral 
neuropathy and retinopathy [42], and glomerular 
dilation, glomerulosclerosis, and thickening of the 
glomerular basement membrane with hypertrophy 
have been described at the hyperinsulinemia stage 
of prediabetes [43]. Cynomolgus macaques with 
severe dyslipidemia, DM, and proteinuria showed 
left ventricular diastolic dysfunction with preserved 
ejection fraction and impaired cardiac reserve in 
dobutamine stress test, indicating the high translational 
potential of this model for humans [44]. This allows us 
to consider monkeys as a model for studying the role of 
insulin resistance in the development and progression 
of diabetic vascular diseases.

MS MODELING
In a study by a Chinese team [37], 408 adult 

Macaca mulatta males from three nurseries in China 
were screened. In accordance with the criteria for 
predisposition to MS in humans [3], the following ones 
were identified (three positive out of five): 1) blood 
pressure ≥ 120 / 75 mm Hg; 2) waist circumference 
≥ 37 cm; 3) fasting plasma glucose ≥ 3.8 mmol / l;  
4) fasting plasma triglycerides ≥ 0.45 mmol / l and 
above the 80th percentile; 5) HDL-C ≤ 1.10 mmol / l  
or below the 20th percentile. According to the 
selection method, the animals predisposed to 
metabolic syndrome had significantly higher blood 
pressure, fasting plasma glucose, waist circumference, 
and body weight than the controls. However, there 
were no differences between these groups in terms 
of triglycerides, HDL-C, LDL-C, total cholesterol or 
insulin [37]. 

After observing animals with a predisposition 
to MS, the authors proposed the following criteria 
to diagnose MS (≥ 3 positive out of five): 1) waist 
circumference ≥ 40 cm and waist-to-hip ratio ≥ 0.9; 
2) fasting plasma glucose ≥ 4.40 mmol / l; 3) fasting 
plasma triglycerides ≥ 0.90 mmol / l; 4) HDL-C ≤ 

1.55 mmol / l; 5) blood pressure ≥ 130 / 80 mm Hg. 
Eighteen monkeys met these criteria, among which 
one, four, and thirteen monkeys had a combination 
of 5, 4, and 3 positive MS criteria, respectively. The 
two most prevalent criteria were increased waist 
circumference (94%) and arterial hypertension (73%). 
The remaining criteria were found in combinations of 
varying frequency [37]. This pattern is similar to the 
one observed in humans [45]. 

DM MODELING
Historically, the most common methods 

for inducing diabetes have been partial or total 
pancreatectomy or the administration of alloxan, 
which causes rapid and complete loss of beta cells, 
soon after which hyperglycemia develops. The main 
factor limiting the use of alloxan is concomitant 
damage to the kidneys, adrenal glands, thyroid gland, 
pituitary gland, and liver [25]. A more specific beta 
cell toxin is streptozotocin, an antibiotic derived from 
Streptomyces aromogenes. 

In monkeys, the administration of streptozotocin 
leads to severe hyperglycemia and dyslipidemia, 
which have some similarities with both type 1 and 
type 2 DM, however, changes in the pancreatic 
islets are more characteristic of type 1 DM [25]. The 
extent of damage to the islets of Langerhans varies, 
with some monkeys requiring more than one dose of 
streptozotocin to develop hyperglycemia. Animals do 
not develop insulin resistance unless it is combined 
with obesity or older age; correction insulin doses are 
1.0–5.0 U / kg of body weight per day [46]. Plasma 
cholesterol and triglyceride levels increase slightly 
when hyperglycemia is adequately controlled [47].

DISCUSSION
The development of metabolic disorders in monkeys 

has many similarities with humans. Cynomolgus 
macaques with obesity, insulin resistance, and T2DM 
have the same changes in the lipid profile as patients 
with T2DM, namely increased total cholesterol, 
triglycerides, and free fatty acids and decreased 
HDL-C concentrations [17]. T2DM is a progressive 
disease in both monkeys and humans [31]. As insulin 
resistance progresses, blood pressure also increases. 
The association of MS with systemic inflammation 
is important. C-reactive protein synthesized by the 
liver during the acute-phase inflammatory response 
correlates with insulin resistance and obesity, as well 
as with an increased risk of developing T2DM and 
related cardiovascular diseases [48]. 
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In cynomolgus macaques, the increase in 
C-reactive protein is stepwise when comparing 
control, insulin-resistant, and T2DM animals [17]. In 
grivets at high risk of MS, there is constant activation 
of the immune system associated with an increase 
in the proinflammatory cytokine interleukin (IL)-6 
and mediated by resident gram-negative microbial 
communities that are formed in the visceral adipose 
tissue in both lean and obese individuals [49].

In addition to the similarity of pathogenetic 
characteristics in the development of MS, the 
similarity of genetic and environmental factors is also 
important. Since such factors are difficult to control 
in clinical practice, models of metabolic disorders in 
monkeys become unique in the context of studying the 
influence of genetic and environmental factors (diet, 
stress) on the development of obesity, DM, and MS. In 
controlled colonies of animals with a known pedigree, 
it becomes possible to study gene – environment 
interactions [24, 50]. 

Heredity has a strong effect on the body weight 
of baboons (h2 = 0.9). Obviously, there appears to be 
a set of genes associated with insulin resistance that 
are also likely to affect obesity-related phenotypes, 
which confirms a common genetic basis for the 
development of insulin resistance and obesity [51]. 
Glucose transporter 4 (GLUT4) mRNA expression is 
under significant genetic influence and correlates with 
plasma insulin levels and body weight. This indicates 
a common genetic regulation of these phenotypic 
traits [28]. Diet is an important environmental factor 
influencing carbohydrate metabolism and obesity. 
Calorie restriction is beneficial for macaques since 
a positive effect is observed, namely a decrease in 
glucose and insulin levels and an increase in insulin 
sensitivity [52]. 

When keeping monkeys in captivity, it is routine 
practice to provide food ad libitum. Monkeys in 
groups have a certain social hierarchy (for example, 
a dominant or subordinate role), which determines 
differences in feeding behavior. The composition of 
the feed also matters. Many standard feeds (Purina, 
Teklad, etc.) use soybeans containing isoflavones 
(genistein, daidzein, etc.) as the main source of protein. 
Isoflavones are plant phytoestrogenic compounds that 
have an estrogenic or antiestrogenic effect, affecting 
the hormonal and metabolic parameters of animals. 
Adequate isoflavone intake level has not been 
established for monkeys [53]. 

Another environmental factor is stressful 
conditions of captivity. Thus, when kept in conditions 

of relative social crowding, grivets (Chlorocebus 
aethiops) and African red monkeys (Erythrocebus 
patas) coped significantly worse with glucose 
challenge test compared to their counterparts kept in 
smaller groups [17]. This factor may not be important 
for monkeys that live in large groups. For such 
species (for example, rhesus macaques), repeated 
reorganizations of the established social group are 
more stressful. 

Primate models of MS are more adequate compared 
to rodents. For example, peroxisome proliferator-
activated receptors (PPARs) have differences in 
expression levels and binding to regulatory elements 
in the apolipoprotein A1 (ApoA1) promoter between 
rodents and monkeys, which leads to opposite 
effects of PPAR agonists on ApoA1 production and 
HDL metabolism [54]. Thus, primate models have 
made a significant contribution to understanding the 
fundamental basis of the development of MS. 

CONCLUSION
The ability to use monkeys as human biomodels 

remains an indispensable resource for studying the 
pathogenesis and assessing the efficacy and safety 
of new therapeutic strategies targeting clinically 
important metabolic diseases, including obesity, 
dyslipidemia, atherosclerosis, type 2 diabetes 
mellitus, and, possibly, other conditions associated 
with metabolic dysfunction.
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