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Abstract

Obesity is viewed as one of the most serious public health issues of this century, which is likely due to economic
growth, urbanization, modernization, life-style change and decreased physical activity. In 2013, the American
Medical Association classified obesity as a disease. Sustained excessive accumulation of body fat to the extent,
such as overweight or obesity, can reduce life expectancy and increase health risks, particularly heart disease
and type 2 diabetes. Cardiovascular, diabetes and other health problems of obesity have been studied for many
decades. Inflammation, mitochondrial dysfunction, hyperinsulinemia, lipotoxicity, medical and others, such as
genetic background and aging, may result in obesity. However, the underlying precise mechanisms have yet to be
elucidated further. Various obesity animal models have been used and induced for obesity research and therapy. To
better understand the pathophysiology of human obesity, corpulent nonhuman primates (NHPs) are useful models
due to resembling humans, not only physiologically but in eating habits (bored-eat). NHP obesity models have been
developed and used for delineating molecular and cellular mechanisms and for testing new novel therapies, which
provides critical pre-clinic information for drug discovery. We recently published the data obtained from naturally
occurring diabetes NHPs. This article summarizes the data collected from a large scale of naturally occurring and
high calorie (fat) diet (HCD)-induced obesity monkeys housed in our facility. Manuscript for another NHP model,
streptozocin-induced diabetes, developed in our facility will follow lately.
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Introduction

Obesity was classified as a disease by the American Medical
Association in 2013 [1]. Generally speaking, obesity is defined when
a person’s body mass index (BMI, body weight (m) divided by the
square of body height (h)) exceeds 30 kg/m?. Obesity becomes a serious
epidemic issue in many developed and developing countries. Economic
growth, urbanization, societal changes and modernization have driven
the obesity epidemic over recent decades. Globally, obesity has more
than doubled since 1980. In 2014, more than 1.9 billion adults, 18
years and older, were overweight (BMI at 25-30 kg/m?). Of these over
600 million were obese. 39% of adults aged 18 years and over were
overweight in 2014, and 13% were obese [2,3]. Excessive food intake
plus lack/less physical activity are the main causes in most cases of
obesity at single person level [4]. Some limited cases are primarily due
to genetics, medical reasons or psychiatric illness [5]. Obesity can lead
to several health problems, such as diabetes, cardiovascular diseases,
obstructive sleep apnea, certain types of cancer, and osteoarthritis [6-8]
and is one of the leading causes of morbidity and mortality. Obesity can
result in insulin resistance and eventually develop to Type 2 diabetes
mellitus. Several hypotheses for insulin resistance have been postulated

and documented. Among those are inflammation, mitochondrial
dysfunction, hyperinsulinemia and lipotoxicity [9,10]. Others, such as
genetic background, aging, fatty liver, endoplasmic reticulum stress,
hypoxia and lipodystrophy are the areas under active research for
understanding mechanisms of insulin resistance [9]. The evidence
connected to obesity-associated health comorbidities has mainly been
obtained from epidemiological analyses of human subjects. Evidence
shows that dyslipidaemia accelerates the atherosclerotic process
and its morbid consequences. Nutraceuticals and functional food
ingredients may potentially be beneficial to vascular health and reduce
the overall cardiovascular risk from dyslipidemia [11]. However, the
precise molecular and cellular mechanisms of obesity-associated health
problems, including diabetes, have not yet been fully elicited. Various
animal models have been used in research for understanding obesity/
diabetes mechanisms and discovery of novel therapies for the diseases
[12-15]. Animal models can also be extended to determine if weight
loss results from fat loss and/or from beneficial changes in key blood
parameters (e.g. insulin). Typically, animal models have excellent
predictive validity whereby drug-induced weight loss subsequently
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translates to weight loss in man [16,17]. Currently, more studies related
to obesity/diabetes research are moving toward using non-human
primates (NHPs) which have better pathophysiological metabolism
similarities to humans [18,19]. NHP models also play an important
role in the screening of novel compounds for regulation of food intake,
blood glucose and/or body weight, which can result in discovery and
validation of new mechanism and therapeutic strategy or target [19-
21]. Compared with humans, NHPs are more accessible and feasible
for biopsy and histopathology if there are scientific needs with IACUC
approval.

This article introduces the characteristics of obesity models in
our housed cynomolgus monkeys (Macaca fascicularis), naturally
occurring and experimental induction, which have been highly
valuable for research and treatment of dyslipidemia and dysglycemia
[18-21]. Other NHP models, such as naturally occurring diabetes
(see our recently published paper) and streptozocin-induced diabetes
developed in our facility, are introduced elsewhere [22,23]. While
no single model is necessarily applicable to every dysmetabolic
research project and drug discovery, it has been suggested that certain
models have great validity. Therefore, if possible, selective using of
those preferable models to achieve the best potential outcome is
recommended in order to address the very challenging disease, obesity.
Normal and obese/diabetic monkeys housed in our animal center are
collected periodically from the monkey farms in China. The monkeys
are then raised in our own facility with a normal calorie diet (NCD) of
monkey chow for naturally occurring obesity model (Beijing Keao Xieli
Feed Co., LTD, Beijing, China) or a high calorie (fat) diet (HCD) for
experimental model with enrichment of seasonal fruits and vegetables
in accordance with the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) regulations and guidelines
[22,24-26]. All the procedures for sampling or data collection used
in this study were approved by the Institutional Animal Care and
Use Committee (IACUC) (Crown Bioscience, Inc., Taicang, Jiangsu
province, The People’s Republic of China) [22,24-26].

Naturally occurring obesity model in NHPs

General characteristics: As humans and other great apes
(Hominoidea) diverged from Old World monkeys (Cercopithecoidea)
[27,28], obesity and diabetes occur in Old World monkeys, which
would thus provide a good research model to study human obesity and
diabetes [29]. Monkeys raised in indoor cages increase the chance to
become obesity and facilitate their development to obesity-associated
diseases in an age-dependent manner when given food ad libitum
[28,30-32]. Like humans, these monkeys develop to Type 2 diabetes
mellitus and other complications, such as nephropathy, orthmopathy,
neuropathy and cardiovascular complications [18,28,33].

In order to clarify the various groups of obesity level, the criteria
were set up for grouping our in-housed monkeys (n=103) from lean
to morbidly obese mainly based on their total fat levels (Table 1). Four
groups of the cynomolgus macaques: lean, chubby, obese and morbidly
obese are listed in Table 1. Evidence shows that lean monkeys housed
in our facility had total fat < 10% measured with dual-energy x-ray
absorptiometry (DXA) scan (GE Model: Lunar DPX-NT, Milwaukee,
WI, USA) [34]. Other monkeys could be grouped to various obese
groups based on their total fat % levels (Table 2). DXA is recognized
as the best method to measure the body fat composition. Before DXA
scan, animal was ensured without dosed radioactive nuclide and/or
radiopaque drug within recent 5 days, and also all materials, such as
neck ring and/or jacket which could reduce X-ray penetration, were

removed from the animal. The DXA machine went through a QA test
before scanning the first animal each day. Each animal with overnight
fasting was anesthetized initially with ketaminel0 mg/kg i.m. and then
5 mg/kg i.m. as needed. Its height, body weight and waist circumference
were measured for calculation of the body mass index (BMI). The
animal was laid dawn on its back and a DXA scan was started. Two
X-ray beams with different energy levels were aimed to various organs
and tissues. The scanned results were be collected and analyzed with
the software loaded to the DXA machine by the manufacture (GE
Model: Lunar DPX-NT, Milwaukee, WI, USA).

The general metabolic characteristics of the grouped monkeys
being housed and being fed with the normal calorie diet (Beijing Keao
Xieli Feed Co., LTD, Beijing, China) in CrownBio animal facility
are shown in Table 2. Clearly, compared with the lean monkeys,
the monkeys with various increases in body fat in the obese groups
were relatively older and showed significantly increases in their body
weights. In addition, the waist circumference, BMI, WHtR (waist-to-
height ratio) and total fat (%) were also significantly (p<0.05) increased
in the dysmetabolic groups (Table 2). In contrast, the leptin levels in
the obese and morbidly obese groups were significantly lower (p<0.05)
compared with the lean group. However, most of other parameters
were not significantly different among 4 groups (Table 2).

Distribution and correlation in naturally obese monkeys

To examine the distribution of obese levels of our in-housed
monkeys, the animal numbers were plotted against various total body

Grading Total Fat (%)
Lean <10%
Chubby >10, £ 20%
Obese >20, < 35%
Morbidly Obese >35

Table 1: Grading the monkeys into various groups based on their body fat
composition levels.

Lean Chubby Obese Morbidly Obese
Parameter = = =
e T Ty s (urs0)
Age (yr) 11.5+0.85 13.7+0.67* 14.1+0.35* 12.3+£2.13
Body weight (kg) = 7.2+0.39 = 9.3+0.38* 10.6+0.28* 13.6 +1.44*
Height (cm) 80.0+1.08  82.6+1.06 84.0+0.70* 82.1+1.19
Waist
circumference 35.6+1.36 44.0+1.03* 50.3+0.74* 625+457*
(cm)
BMI (kg/m”2) 11.1+£0.37 13.6+0.37* 15.0+0.27* 20.0+1.65*
WHtR 0.44+0.01 0.53+0.01* 0.60+0.01* 0.76 £0.05*
Total fat (%) 52+0.31 | 15.1+0.50* 26.6+0.69* 43.9+2.78*
Glucose (mg/dL) | 144 +204 | 1221185 | 112+125 77+84
Insulin (mIU/mL) 59+13.2 | 254+121.7 223+67.6 107 £ 47.0
C-peptide (nmol/L)| 1.35+0.25 @ 1.80+0.21 | 1.84+0.15 1.98 £ 0.93
TG (mg/dL) 146 +35.7 = 168+46.1 143 +20.6 78+ 11.1
TC (mg/dL) 141+6.7 127+75 | 119+6.2* 136 £ 5.1
HDLc (mg/dL) 50+4.2 48 £ 3.1 50+24 65+54
LDLc (mg/dL) 55+ 3.9 42 + 3.4* 46 +3.7 49 +6.0
Leptin (ng/mL) 11.7+£022  99+086 | 9.8+0.41* 10.6 +0.24*
CRP (mg/L) 2.7+0.28 3.0+0.79 1.7+0.45 2.2+0.40
WBC (10°%L) 115+121  11.3+1.16 | 12.1+0.69 13.2+1.54

Note: M/F, male/female; BMI, body mass index=body weight/height"2; WHtR,
waist-to-height ratio=waist circumference/height; *, p<0.05, versus lean

Table 2: General characteristics of the grouped animals.
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fat % levels (Figure 1A). According to the criteria listed in Table 1, 29%
of the monkeys were lean (n=30) and 25% were chubby (n=26). One
big portion (41%) of the monkeys were obese (n=42) and only 5% of
them were morbidly obese (n=5, Figure 1B).

Most of these studied monkeys are currently alive and housed in our
animal facility for diabetes and dyslipidemia research. To examine the
correlations between obese levels and some specific parameters, several
key results obtained from the monkeys were plotted against the total
body fat % levels (Figure 2). In the experimental animals the total body
fat % levels measured with DXA assay were not significantly correlated
with the ages (Figure 2A), but were significantly correlated with their
body weights (Figure 2B) and BMIs (Figure 2D). The total body fat %

levels measured with DXA assay were also significantly correlated with
the waist circumferences (Figure 2E) and WHtRs (Figure 2F), but not
with the heights (Figure 2C).

Experimental obesity model in NHPs

Experimental obese animal models are often induced via feeding
with high calorie (fat) diet (HCD). To investigate obesity and
dysmetabolism in NHPs, the following groups were fed with the HCD
(Table 3). The 1% group (n=134 HCD + 18 NCD control) was lean with
normoglycemia; the 2 group included the NHPs with normoglycemia
(n=8), pre-DM (n=11) and DM (n=11); the 3* group included 6
normal lean NHPs; and the 4 group (n=10) was already obese with the

M Lean
W Chubby

W Obese

25

H Morbidly Obese

Animal numbers

2 0 9 A0 A9 L0 SH D D P
PRSI RN
DD PP AT DT P P P
Total fat (%)
Figure 1: Distribution (A) and percentage (B) of the normal and obese monkeys in the studied natural obesity monkeys (n=103) based on their total fat percentages
and criteria of obesity listed in Table 1.
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Figure 2: Correlations of multiple parameters in obese cynomolgus monkeys. A, B, and C, The correlations between the total body fat % and age, body weight, or
height are shown, respectively. The total body fat percentages were significantly correlated to the body weights (B), but not to ages (A) or heights (C, p>0.05). The
total body fat percentages were also significantly correlated to (D) BMIs, waist circumferences (E), and WHtR (F). **, p<0.01.
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Nutrient composition (%) Energy source (%)
Protein Fat Fiber Calcium Phosphate Cholesterol Protein Fat Carbohydrate
216.3 217.7 21.9 1.1 205 16.2 39.5 443

Table 3: Nutrient compositions and energy sources of the high calorie (fat) diet (HCD).
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Figure 3: The effects of the HCD on food intake, body weight, serum glucose and lipids. A, The changes of food intake (upper panel) and body weight (low panel) in
normal cynomolgus monkeys (n=94) fed with the HCD. B, The body weight changes in the normal NHPs fed with NCD only (B, n=18) or with NCD and then HCD (®,
n=94). C, The changes of serum glucose in the normal NHPs fed with NCD only (M, n=18) or with HCD (®, n=94). D, Comparisons of serum TC, TG, HDLc and LDLc
in NCD-only NHPs (blank bars, n=18) with those fed with HCD NHPs for over 7 months (®, n=94). BW, body weight; FI, food intake. *, p<0.05; **, p<0.01; ***, p<0.001;
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total fat >23%, but with normoglycemia. The observation and results
are detailed and summarized below.

HCD-induced obesity in lean and normoglycemia NHPs

Lean normal monkeys with normoglycemia were enrolled in this
study. A total of 94 male cynomolgus monkeys with the initial body weight
of 8.2 + 0.18 kg (mean * SE, Figure 3A) and age of 12.3 + 0.1 years (from
10.7 to 14.0 years old) were selected for feeding with the HCD (Table 3).
Compared with its pre-HCD level, body weight was significantly increased
during HCD period (p<0.001) and even still significantly higher 2 months
after termination of HCD (p<0.01, Figure 3B). The daily food intake (FI)
was gradually increased from around 150 g/day at the beginning to 200
g/day in the 1 2 months and then decreased to 100 g/kg 3 months after
feeding with the HCD (Figure 3A upper panel). After termination of HCD
the food intake was low with the amount of 80 g/day and then gradually
recovered toward the pre-HCD level (Figure 3A upper panel). Another
group of similar lean normal monkeys with normoglycemia (n=18) was
enrolled into the study as the control group at the time of 2 months after
HCD started in the HCD group (Figure 3B). The data clearly show that
the body weight of the NCD group was relatively stable and no significant
increase during more than 4-month observation (Figure 3B,).

To examine the effects of the HCD on blood glucose and lipids, the
animals were fasted overnight for around 16 hours and then their blood
samples were collected for the assays. Serum glucose levels showed some
variability during HCD in HCD-treated group (Figure 3C,®) and also in
the NHPs of NCD group (Figure 3C,W). The variability in NCD group was
not statistically significant. In contract, compared with NCD group, the
lipid profiles of TC, TG, HDLc and LDLc were significantly increased in
the animals fed with the HCD (Figure 3D). Among those changes, TC and
LDLc were even more obvious. These results suggest that relatively long-
term HCD can cause significant increase in body weight, TC, TG, HDLc
and LDLc, but may affect blood glucose moderately as a whole group.

To test the biological effects of the HCD with a relatively short
feeding duration, another group of lean NHPs (n=40, Figure 4) with
normoglycemia was fed with the HCD for a period of 100 days which was
about half of the time in the study described above (Figure 3). Compared
to the pre-HCD levels, the body weight, serum glucose, HbAlc, TC and
LDLc increased significantly after 100-day HCD (Figure 4). However, the
changes of TG and HDLc were not so obvious. The data indicate that some
parameters, such as BW, TC and LDLc, responded to a relatively short
duration of HCD are more obvious and sensitive.
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Figure 4: The effects of the HCD on body weight, serum glucose, HbA1c and
lipids in the normal NHPs fed with the HCD for over 4 months. Compared
with the pre-HCD baseline levels (blank bars, NCD), the body weight, serum
glucose, HbA1c, TC, and LDLc significantly increased 4 months after feeding
with the HCD (grey bars, n=40). However, TG and HDL did not significantly
change (n=40). *, p<0.05; **, p<0.01; ***, p<0.001; vs. pre-HCD baseline.

tem Normal Pre-DM DM
8 (M/F, 7/1) 11( M/F, 9/2) 11 (M/F, 6/5)
Age (y) 10+1.2 10+1.1 16 £ 1.1%
Body weight (kg) 74+1.1 85+13 74+05
Serum glucose (mg/dL) 69+24 93 +2.2* 144 + 13.2**
Serum insulin (uIU/mL) 38+ 16 72+ 34 216 + 140
Blood HbA1c (%) 46+0.1 45+0.1 6.3 £ 0.6
Serum C-peptide (nmol/L) 35+26 1.5+0.3 23+0.6
Serum TC (mg/dL) 127 £10 128 + 12 118 £ 10
Serum TG (mg/dL) 71+£17 85+ 11 122 £17
Serum HDLc (mg/dL) 61+5 58 + 4 53+ 6
Serum LDLc (mg/dL) 43+6 48+8 37+4

*, p<0.05, versus normal; #, p<0.05, versus Pre-diabetes.

Table 4: Baseline glycemic and lipidemic parameters before high calorie diet.

HCD-induced obesity in diabetes NHPs

To investigate the potential differences of HCD effects in animals
with various blood glucose levels, the NHPs with normoglycemia (n=8),
pre-DM (n=11) and DM (n=11) were fed with the HCD. The defining
criteria for normoglycemia, pre-DM and DM have been described
elsewhere [35]. Table 4 shows the baseline data of some glycemic and
lipidemic parameters in the grouped animals before feeding with the
HCD. Clearly, the age, serum glucose and HbAlc were significantly
higher in the DM group compared with the normal and pre-DM
animals. The serum glucose level was also significantly higher in pre-
DM group than normal one (Table 4). However, the other parameters,
such as serum insulin, C-peptide, TC, TG, HDLc and LDLc were not
significantly different among the three groups (Table 4).

To examine HCD effects in all the animals (male, n=30) enrolled
in this study, the whole group results were pulled together. Body
weight, serum glucose, TC and LDLc were significantly increased 50
days after HCD (Figure 5, p<0.001). The changes of other parameters,
such as HbA1c, insulin, C-peptic, TG, and HDLc, were not statistically
significant (Figure 5, p>0.05).

To look at the effects of the HCD in individual groups, the body

weights were compared. The baseline body weight of the pre-DM
animals (n=11) was higher than normal (n=8) and DM (n=11) groups,
but the differences did not reach statistical difference (Figure 6A, NCD).
Body weight increased in all three groups 50 days after HCD, but the
increases did not reach statistical significance compared with NCD
(Figure 6A, HCD). Compared with the normal animals, serum glucose
levels were significantly higher in pre-DM and DM NHPs (Figure 6B,
NCD). HCD caused a significant increase in serum glucose in normal
animals (p<0.05), but the increase in pre-DM and DM monkeys did
not reach statistical significance (Figure 6, HCD, p>0.05). However, the
serum glucose level was significant higher in pre-DM animals than in
normal ones (Figure 6B, HCD). Also, the glucose level in DM group
under HCD was still statistically significant higher than those in normal
and pre-DM groups (Figure 6B, HCD). Except HbAlc significantly
higher in DM group than normal and pre-DM groups at the baseline
before HCD, other glycemic parameters were not significantly altered
50 days after HCD (Figure 6C, 6D, 6E).

Feeding the HCD increased serum TC and LDLc by almost 3
folds and in all three experimental groups, which reached statistical
difference (Figure 7A, 7D, p<0.05). HDLc was not significantly changed
in all three groups measured at 50 days after HCD (Figure 7C). The
TG levels increased in normal and DM groups 50 days after HCD, but
the increases did not reach statistical significance compared with NCD
(Figure 7B, p>0.05). However, not like the normal and DM animals,
the serum TG level in pre-DM monkeys significantly increased 50 days
after HCD (Figure 7B, HCD, p<0.05).

Dyslipidemia in normal NHPs fed with HCD for a short term

To investigate the short-term effects of the HCD and recovery after
termination of HCD, a group of normal cynomolgus monkeys (n=6, 5
male, 1 female) were fed with the HCD for 2 months and then washed
out for 3 months. Body weight was increased from 8.38 + 1.32 kg before
HCD to 9.01 + 1.37 kg 50 days after HCD, which was by 8.9% increase
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Figure 5: The effects of the HCD on body weight, serum glucose, HbA1c
and lipids in a mixed group (n=30) with normal (n=8), pre-DM (n=11) and
DM (n=11) NHPs fed with the HCD for 50 days. Compared with the pre-HCD
baseline levels (blank bars, NCD), the body weight, serum glucose, HbA1c,
TC, and LDLc significantly increased 50 days after feeding with the HCD
(grey bars, n=30). However, HbA1c, insulin, C-peptide, TG and HDL did not
significantly change after feeding with the HCD for 50 days (n=30). *, p<0.05;
** p<0.01; ***, p<0.001; vs. pre-HCD baseline.
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(Figure 8A). After termination of HCD, the body weight was gradually
decreased and back to the pre-HCD baseline level in almost a month
after switching back to the NCD and then maintained at that level
with < 2% fluctuation (Figure 8A). In the meantime, the serum leptin
level was significantly decreased after termination of HCD (Figure 8B,
p<0.05).

Both serum TC and LDLc levels were significantly increased, from
135 + 11 mg/dL and 41 + 6 mg/dL before HCD to 532 + 155 mg/dL and
442 + 83 mg/dL 50 days after HCD (Figure 8C, 8F, p<0.05), respectively.
However, the changes of serum TG and HDLc were variable and did
not reach statistical significance during HCD and after cessation of the
HCD (Figure 8D, 8E, p>0.05).

Dyslipidemia in obese NHPs with additional HCD

To investigate the effects of HCD on body weight and other
biological effects, a group of animals with total fat above 20% were
selected for the study. The animals were scanned by DXA assay and
their averaged total fat % was 23.6 + 1.3% (n=4, male). Then the animals
were fed with the HCD for 4 months. Body weight, food consumption,
body composition (DXA assay) and blood biochemistry were
conducted at various times during the study. Body weight increased
slightly after feeding with the HCD for 4 months, from 10.7 + 0.1 kg
at day 0 to 11.3 + 1.6 kg at day 120 with the HCD and continuously
increased by 0.3 kg after switching back to the NCD (Figure 9A,
n=4). Among these animals, #1 body weight increased so obviously
during HCD and #2 increased slightly during the late period of HCD.

Animal #3 body weight decreased initially and then increased slowly
during HCD. Obviously #4 body weight decreased during HCD until
switching back to the NCD (Figure 9B). Similar results were observed
in another group of pre-HCD obese male monkeys (n=6) and two out
of six animals ate very little and lost some of their body weights during
2-month HCD (data not shown due to drug treatment at late stage of
HCD). Food consumption showed the changes paralleled to the body
weight changes, which increased at the late period of HCD and the time
back to NCD (Figure 9C). Several DXA assays (Arrows in Figure 9A)
were performed at different time points in the anesthetized animals (10
mg/kg ketamine, i.m.). The results showed that the body compositions,
including the total fat % and weights of tissue, fat and lean, changed
paralleling to food intake during the study (Figure 9D, n=4). These data
indicate the changes and variabilities of FI, BW and DXA data under
NCD or HCD. The changes after HCD were markedly individualized
among the animals and responded to the HCD differently.

Blood biochemistry shows that compared with the baseline level
before HCD, TC and LDLc increased significantly during HCD and
still significantly higher for almost a month after termination of the
HCD (Figure 10, A, B, n=4). Compared with the baseline levels before
HCD, blood insulin and TG were higher during the most time of
HCD, but none of the parameters at any data points reached statistical
significance (Figure 10, ®, A, p>0.05, n=4). However, HDLc levels were
lower, but no significance (p>0.05) during HCD (Figure 10, O, n=4).
Blood glucose fluctuation was not so obvious during HCD (Figure 10,
O, n=4).
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Figure 8: The effects of the HCD on body weight, serum leptin, TC, TG, HDLc and LDLc in normal NHPs (n=6). Compared with the pre-HCD level, body weight
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Discussion

This study characterized and summarized the various dyslipidemia
and obesity models in our housed NHP cynomolgus macaques (Macaca
fascicularis). Cynomolgus monkeys and other strains have been used
in many studies for mechanistic research of various diseases and for
drug development/test/toxicology, because they have a relatively small
body size compared with rhesus monkeys and show various disease
models, such as diabetes, obesity, dyslipidemia, cardiovascular diseases
and others [22,33,36]. These diseases can occur naturally or be induced
in housed cynomolgus monkeys via change of their dietary food and/
or increase in their living risk factors, including stress level [29,36].
There is a lack of the information to define the normal and obese
level in cynomolgus monkeys or other NHPs. In this study the initial
characterization and compartmentalizing the levels of NHP obesity are
introduced in our housed cynomolgus monkeys (Tables 1 and 2, Figure
1, n=103).

Naturally occurring obesity

In our housed cynomolgus monkeys, about one third (29%, 30 out
of 103 animals) were lean and all others were obese at various levels
according to their DAX data (Table 2, Figure 1). The total body fat
% levels of the animals measured with DXA were uncorrelated with
their ages and heights, but were significantly correlated well with

their body weights, BMIs, waist circumferences and WHtRs (Figure
2). These obese and dyslipidemic monkeys occurred in our housing
facility fed with normal calorie diet. As dyslipidemia and obesity
are the increasingly important health issues and have been highly
correlated as a risk factor to hyperglycemia and diabetes in humans,
animal obesity and diabetes models, especially naturally occurring ones
in NHPs, can provide critical research information for understanding
potential mechanisms and therapies of obesity, diabetes and their
related adverse health issues in humans. Naturally occurring obesity
in NHPs has been extensively studied for various purposes, including
to develop biomarkers for characterizing overweight individuals [37]
and to track the progression of obesity to other complications [22,37].
In this article the naturally developed obese model is introduced and
characterized in our housed monkeys with the proposed criteria to
group them into various groups based on their body fat composition
level (Table 1). Some information on spontaneous obesity and obesity-
related health conditions in cynomolgus monkeys is summarized,
which can be useful in obesity research. Similar to overweight humans,
obese monkeys increase their risk of cardiovascular complications and
other adverse metabolic conditions [22,36,38]. Obesity model in NHPs
therefore provide important information relevant to human obesity.
Rhesus monkeys raised in indoor cages also exhibit increased rates
of obesity, with some of them developing obesity-associated diseases
(28,30,31]. When given food ad libitum captive macaques display
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obesity in an age-dependent manner [33] and develop type 2 diabetes
and diabetic complications as humans, likely due to reduced exercise
[32,33,39]. Spontaneous obesity is also found in wild baboons and in
a pedigreed colony [40,41] and occurs in free-ranging rhesus monkeys
[42]. Furthermore, a species of Japanese monkey, Macaca fuscata,
develops obesity without frank diabetes [43].

Diet-induced obesity

Clinical studies have shown that increased food intake can result
in gaining body weight which can lead to obesity and other related
metabolic disorders in humans [44,45]. In this study, the HCD (Table
3) was used to induce NHPs’ body weight gain, dyslipidemia or obesity
as the models for dyslipidemia or obesity research. There was a pattern
of the body weight change in the originally normal cynomolgus
monkeys (n=94) during over 7-month HCD feeding. Their body
weights were significantly increased within 2 months after HCD and
maintained at the increased levels during HCD, even though there was
some reduction at the time near the end of HCD and after switching
back to the NCD (Figure 3). The body weight changes matched well
with daily food intake which gradually increased in the 1% 2 months
of HCD and then maintained 3 months after HCD feeding (Figure 3).
In addition, daily food intake of the NCD markedly decreased at the
beginning of HCD termination and then gradually recovered toward
the pre-HCD level. That food intake reduction during food switching
time could result from the adaption/acclimation to the NCD. The
data clearly show that increasing body weight took some time after
feeding with the HCD and could be maintained at a high level under
HCD. Reduction of the increased body weight also takes time after
termination of HCD, even longer than that for HCD-induced gain of
the body weight (Figure 3). Such phenomenon may involve resetting
the food intake and body weight [46,47].

Interestingly, blood glucose levels during HCD were variable,
but at a few time points glucose levels increased more obviously in
individual animals. However, statistical significance and insignificance
were observed compared with the baseline levels during NCD (Figure
3). In contract, compared with control NCD group, the lipid profiles of
TC, TG, HDLc and LDLc in HCD animals were significantly increased
and even more robustly for TC and LDLc (Figure 3). These results

suggest that relatively long-term HCD (7 months) in NHPs could cause
significant increase in body weight, TC, TG, HDLc and LDLc, but small
change in blood glucose as a whole group, which indicates long-term
HCD feeding may not be an effective approach to induce diabetes.
However, a relatively short feeding duration (around 4 months) of the
HCD in another group of NHPs showed significant increase in body
weight, serum glucose, HbAlc, TC and LDLc without obvious changes
of TG and HDLc (Figure 4). The data suggest that the outcomes of
some biological changes can be varied with the HCD feeding durations.

The HCD effects in NHPs with normoglycemia, pre-DM or DM
[35] with 50-day HCD feeding show that as a whole group the body
weight, serum glucose, TC and LDLc were significantly increased
(Figure 5). However, the effects of HCD on body weight in individual
groups, normoglycemia, pre-DM and DM did not reach statistical
difference (Figure 6). HCD only caused a significant increase in
serum glucose in the normal animals, but not in the pre-DM and DM
monkeys (Figure 6). The statistical insignificance might simply be due
to the individual variability and/or insufficient animal numbers in each
group. HCD increased serum TC and LDLc by almost 3 folds in all three
experimental groups (Figure 7). The effects of HCD on metabolism in
normoglycemia, pre-DM and DM NHPs were not validated previously.
Our data from this study may provide some initial information for
those who look at the effects of diet in animals with various metabolism
dysfunctions.

Varied biological effects of HCD were also observed in another
normal cynomolgus monkey group fed with the HCD for 2 months and
then washed out for 3 months (Figure 8). Body weight was increased
by 9% during HCD and gradually decreased back to the pre-HCD level
in a month after switching back to NCD with a significant decrease in
serum leptin and an increase in TC and LDLc. However, the changes of
serum TG and HDLc were variable and no significance.

Variability of biological effects of HCD was also shown in obese
monkeys. In selected obese male monkeys (total body fat=23.6 +
1.3%), the effects of HCD on body weight, food consumption and
body composition (DXA results) were very individualized with huge
differences, even oppositely (some increase, some no change, and
some decrease), among the testing animals (Figures 9 and 10). Similar
results were observed in another group of six pre-HCD obese male
monkeys and two out of six animals ate very little with reduction of
their bodywrights during 2-month HCD (data not shown due to drug
treatment at late stage of HCD). However, those not eating well with
HCD recovered their appetite and body weights after switching back to
the NCD, which indicated that those not eating HCD well animals had
no health issue, except their poor appetite to the HCD. Such variable
responses of FI, BW, DXA and other assay results to the HCD observed
in our study are consistent with the data reported previously [48].
Those monkeys responded to high fat diet (HFD) with increasing body
weight, plasma lipids, total cholesterol were termed HFD sensitive. The
others fed with HFD did not become obese and were defined as HFD
resistant. In the previous report plasma FGF21 levels were significantly
increased in all HFD fed monkeys compared with the control group.
The HFD-sensitive monkeys showed a significant increase in FGF21
mRNA expression in all examined tissues, whereas FGF21 expression
in the HFD-resistant group was only increased in the liver, pancreas
and the retroperitoneal white adipose tissue (WAT) [48]. In the WAT,
the co-receptor B-klotho was downregulated in the HFD-sensitive
monkeys compared with the HFD-resistant group [48].

Limitations of the study

Our naturally occurring obesity data were collected from over a
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hundred cynomolgus monkeys, but these monkeys were selectively
purchased from monkeys farms and raised in cages for a quite long
time. Therefore, the distribution and ratio of obesity in these studied
animals do not represent any specific epidemic. In addition, the diabetes
monkeys were pre-excluded from the monkeys used for naturally obese
population in the current study. The occurrence of diabetes did not
look through more details according to the obese levels grouped in
Table 2. Therefore, the glucose data might not reflect an actual ratio of
diabetes monkeys with their corresponding obesity levels. In this study
many biochemistry parameters were measured and analyzed (Table 2),
but some specific biomarkers, such FGF21 and FFA, were not tested.

In HCD induced-obesity model over one hundred normal monkeys
(control, n=18; 7-month HCD, n=94, Figure 3; 4-month HCD, n=40,
Figure 4) were enrolled in the study, but for those with pre-DM and
DM the numbers of monkeys were 11, which might not be so powerful
to look at the effects of HCD on the diseased models. The same was
for those obese monkeys (n=4) treated with the HCD. Therefore, the
results from the small groups need to be interpreted with caution.
Again, some important biomarkers, such as FGF21, FFA, adiponectin
and leptin [49], were unmeasured during the model induction.

Conclusions

The current data demonstrate that as in humans, natural obesity
at various levels occurs in housed cynomolgus monkeys. As their
clinical and pathologic characteristics are similar to humans, NHPs
have been used for understanding obesity mechanism, pathogenesis,
risk factors, comorbidities, and therapeutic interventions. These
features are especially critical since many next generation drugs for
metabolic diseases also target complications. A naturally occurring
NHP obesity model is thus by far the most predictive animal model
system for human metabolic syndrome. In addition, this article has
summarized HCD-induced obesity model in cynomolgus monkeys
housed in our animal facility. In HCD-induced NHP model TC and
LDLc significantly increased and stayed at high level stably, but TG
increased by less with large variability. Our results also showed that
about 30% obese monkeys were resistant to HCD, which seems higher
than normal NHPs. These natural and HCD-induced models in NHPs
can be greatly valuable for research and drug therapy of obesity and its
associated complications occurred in human diseases.
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