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Abstract

Purpose: Patients with obesity and type 2 diabetes (T2D) are more susceptible to the occurrence of nonalcoholic
fatty liver disease (NAFLD)/steatohepatitis (NASH). Although liver biopsy is still reviewed as a gold standard for the
diagnosis, due to its invasiveness, high cost and variable readouts, it has limited application in large scale clinical
investigation and long term following up the therapeutic benefits. This study was to apply a clinically used
noninvasive echography to quantitatively evaluate the NAFLD/NASH model in dysmetabolic nonhuman primates.

Method: Noninvasive echography with computer-assisted imaging analysis was used to quantify hepatic
pathological changes in 36 cynolmolgus monkeys at different dysmetabolic stage.

Result: Both hepatic/renal echo-intensity ratio (H/R=1.69 ± 0.12 vs 1.36 ± 0.09) and hepatic echo-intensity
attenuation rate (HA=25.7 ± 5.7 vs 12.0 ± 3.2 kHz/cm) were significantly higher in obese (n=14) compared to control
(n=22) monkeys, which were highly correlated with multiple metabolic risks such as obese, hyperlipidemia and liver
fibrosis indices including body mass index (BMI), Alanine/Aspartate Transaminase (AST/ALT) and diabetes (BARD)
score, fibrosis-4 (FIB4), AST to platelet ratio index (APRI), etc. Postmortem examination of liver biopsy tissue
revealed liver pathology resembling human NAFLD/NASH and higher triglycerides (245 ± 26 vs 101 ± 32 mg/100 g
tissue) in diabetic than control monkeys.

Conclusion: The data demonstrate for the first time that obese, dysmetabolic and diabetic monkeys can develop
NAFLD/NASH assembling to human disease. The noninvasive and quantitative echography along with the
nonhuman primate model can be used as a powerful translational tool for following-up disease progression, and
evaluation of novel therapies for NAFLD/NASH both clinically and pre-clinically.

Keywords: NAFLD/NASH; Obese; Diabetes; Ultrasound;
Nonhuman primates

Introduction
Nonalcoholic fatty liver disease (NAFLD)/steatohepatitis (NASH) is

one of the most common causes of chronic liver disease and is a major
public health problem worldwide [1-3]. The prevalence of NAFLD/
NASH in the general population is approximately 20-30/5-12% [4];
however, in patients with obesity and type 2 diabetes (T2D), NAFLD is
substantially more common, affecting up to 70% of patients [5,6].
Although the pathogenesis of NAFLD/NASH remains to be fully
elucidated, one of the theories is “multiple parallel hits” including
insulin resistance resulting in increased free fatty acid synthesis and
uptake in the early stages of NAFLD, followed by oxidative stress from
reactive oxygen species and various adipokine productions that play a
major role in the pathogenesis of NASH. Another theory for NAFLD

progression to NASH is “distinct hit” with pathogenetic heterogeneity
obtained via at least 2 different ways: genetic predisposition and timing
to activation of different pathways leading simple steatosis to NASH
[7].

NAFLD is defined as accumulation of lipid deposits in the
hepatocytes in the absence of excessive alcohol consumption and other
secondary causes of chronic liver disease, therefore, the diagnosis
requires evidence of fatty infiltration in the liver [8]. According to
recent guidelines, hepatic fat content determined by histological [9] or
biochemical [10] examination of liver biopsy tissue is the gold standard
for diagnosing the stages of NAFLD, and for the differentiation of
NASH from simple steatosis [11,12]. However, liver biopsy is invasive
that carries a small but not negligible risk of complications 13 for
assessment of at risk NAFLD patients with major complications
occurring in 0.1-2.3% of cases [12].
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Thus, it is unsuitable for screening large populations of early stage
asymptomatic patients with NAFLD. Furthermore, in both preclinical
and clinical pharmaceutical research, repeated liver biopsies are
impractical for continuously monitoring disease progression and
therapeutic efficacy over the course of treatment. Moreover, since the
size of biopsy samples is small, it is subject to sampling error due to
sporadic heterogeneous morphological distribution of the pathological
changes in the liver, as well as inter-operator variability [13]. Given
these limitations, noninvasive imaging methods, such as magnetic
resonance [14], computed tomography [15], and ultrasonography
[16,17] come into use in the diagnosis and evaluation of NAFLD/
NASH.

In contrast to other diagnostic imaging modalities, ultrasonography
is safe, noninvasive, non-radioactive, cost effective, convenient to use
and widely available. Therefore, ultrasonography appeals to be the
most commonly used diagnostic modality in the clinic for detection of
NAFLD/NASH with high sensitivity and specificity comparing to other
modalities [18]. Especially in large population studies, ultrasound is
the primary imaging method widely used for screening asymptomatic
patients with increased liver enzymes and suspected NAFLD [19].

In addition to the imaging methods, some serological biomarkers
and biometric indices have also been used for noninvasive evaluation
of disease progression, e.g., BMI, AST/ALT, and diabetes (BARD) score
has been reported to have a high predictive value for advanced fibrosis
(stages 3-4) in a population of obese patients in the USA [20]. There
are data suggesting that ultrasound and fibrosis-4 (FIB4) indices are
probably the most appealing methods for detecting and distinguishing
NAFLD/NASH from simple steatosis [21,22]. Cytokeratin 18 fragment
(CK-18) levels have been reported as a serological marker of apoptosis
associated with NAFLD with positive correlation with histologic
steatosis, inflammation, ballooning, fibrosis and total NAFLD activity
score [23,24]. Although isolated biomarkers may have limited accuracy
for diagnosis and distinguishing NAFLD/NASH from simple steatosis,
several algorithms combining multiple biomarkers and risk factors
have been developed to improve sensitivity and specificity [25].

In laboratory studies, a major limitation in studying the
pathogenesis of NAFLD/NASH has been the lack of translational
animal models with metabolic disorders and diabetes. Although some
rodent and rabbit models have been used, the outcomes from these
models are often not very translatable to the mechanisms of human
disease [26]. Naturally occurring T2D in nonhuman primates (NHP)
exhibits clinical features of obesity, insulin resistance, dyslipidemia,
diabetes, and pancreatic pathology that are similar to those observed
in human, thus, has been used as the most translatable animal model
for studying the pathophysiologic mechanisms, as well as for testing
novel therapies, for metabolic diseases and diabetes [27-36].

The aim of the present study was to test the hypothesis that, similar
to humans, spontaneously developed obese, dysmetabolic and diabetic
NHPs may also be associated with hepatic histopathologic changes,
such as lipidosis, inflammation and fibrosis that would eventually
progress to NAFLD/NASH. We 1) adapted a clinical ultrasonography
method for noninvasive detection of hepatic histopathologic changes
in NHPs; 2) used computer-assisted analysis to quantify the ultrasound
images; and 3) examined the correlation of some commonly used
ultrasound parameters with accompanying NAFLD/NASH risk factors
and biomarkers, such as biometric, blood chemistry and liver fibrosis
indices in these NHPs.

Methods
Experiments were carried out in 36 cynomolgus macaques

(Macacafascicularis) of either gender without history of
pharmaceutical treatment in the past 3 months, and with stable
physiological conditions. These animals were individually housed in
the animal facility at room temperature ~21°C and a 12 hour light/
dark cycle (7:00-19:00), with access to water ad libitum, and fed twice
daily with a nutritionally balanced monkey diet (Shanghai Shilin
Biotechnology, Inc., Shanghai, China) enriched with seasonal fruits
and vegetables. The experimental protocol was in accordance with the
guidelines of Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) and approved by the Institutional
Animal Care and Use Committee (IACUC) at Crown Bioscience, Inc.

On the experimental day, each monkey was fasted overnight and
anesthetized with an intramuscular injection of ketamine (Fujian
Gutian Pharmaceutical Co. Ltd., Fujian, China) at an initial dose of 10
mg/kg followed by 5 mg/kg as needed. Body temperature was
maintained at ∼37°C by a thermostatically controlled warm water-
circulating pad placed underneath the body. Throughout the
experimental period, animals were monitored for vital signs which
may trigger intervention (supportive and/or emergent care) and/or
study    termination,    including:    oxygen    saturation    <90%;    body
temperature <35°C; heart rate <100 or >200 beats/min; respiratory rate
<20 or >60/min, serious arrhythmia and respiratory artifacts, etc.

Biometric and body fat composition measurements
Biometric measurements: The animal was placed in a sitting and

vertical position with the abdomen at natural and straight position
without external force and extrusion. The waist circumference (WC)
was measured around the umbilicus. Height was measured by the
summation of the length of 3 segments: crown to rump, rump to knee,
and knee to plantar surface. Body mass index (BMI) was calculated by
the formula:

BMI=body weight (kg)/height (crown to plantar surface, meter)2 (1)

Body fat composition: The total body (Total-fat) and trunk (Trunk-
fat) fat composition was assessed by a Dual Energy X-ray
Absorptiometry (DXA, GE densitometer, Lunar I Dexa Promodel).
Anesthetized animal had all metal objects removed and was placed on
a bed in supine position remaining motionless for scanning. After the
full body scan, a software (Lunar encore 2011, version 13.6) was used
to calculate the fat, bone and other mass for different regions of the
entire body. The android region was measured around the waist area,
between the midpoint of the lumbar spine and the top of the pelvis.
The gynecoid area was measured approximately between the femoral
head and the mid-thigh. The software demarcated and separated the
limbs from the torso and from the head by standard lines generated by
the equipment itself; these lines were adjusted according to specific
anatomical points determined by the manufacturer. The Total-fat or
Trunk-fat (%) was calculated as below:��� �����������  % = ��� ��������� ���� ���� ×  100       (2)

Ultrasonography examination and computer assisted
imagining analysis

Each monkey was examined using the ultrasound system (Pro
Sound SSD-3500SX, Hitachi Aloka Medical, Ltd. Tokyo, Japan) with a
3.5-5 MHz convex transducer by 2 different radiologists blinded to the
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metabolic status of the animals during scanning and imaging analysis.
All the instrument settings, including “gain”, “depth”, “time-gain
compensation”, etc. were fixed for each measurement. After completion
of the above measurements, animals were returned to their home cage
and closely monitored by trained personnel until completely recovered
from anesthesia, when the animals were placed in the upright position
and food and water provided. Representative images of the liver,
kidney and surrounding organs were captured at different defined
angles and stored on a computer hard disk for offline imaging analysis
to obtain 186 parameters that represent different pathophysiological
status of hepatic lipodosis and other morphological changes based on
commonly used clinical methods. All digitized ultrasound images were
analyzed by 2 radiologists involved in scanning, using Image J software
(version 1.41, NIH, Bethesda, MD).

Hepatic/renal echo-intensity ratio (H/R, Figure 1A and 1B) In a
sagittal view of the liver and right kidney of the lateral position, the
echogenicity of the right kidney was used as a reference for
identification of liver parenchyma. A 1.5 × 1.5 cm uniform region of
interest (ROI) in the liver parenchyma was selected, excluding blood
vessels, bile ducts, and other focal hypo/hyper echogenicity. Another
0.75 × 0.75 cm ROI was obtained in the cortex of the right kidney with
no large vessels, renal sinus or medulla. To avoid interference of depth-
dependent echo-intensity attenuation and borderline echo distortion
effects, the boundary between the liver and right kidney area was
placed near the center of the image, and the ROIs of the liver and right
kidney were selected at the same depth of the ultrasound images. The
gray scales for the 2 ROIs were measured by the total pixels as
respective hepatic and renal echo-intensities for calculation of H/R
ratio 37. In order to reduce the sampling noise resulting from
heterogenic distribution of histopathological changes, 3 ROIs in the
liver and kidney were obtained for an average H/R ratio.

Figure 1: Representative ultrasound images show selected regions of
interest (ROI, Square) for measurement of echo-intensity in the
liver parenchyma and kidney cortex regions from a representative
normal (A) and obese (B) NHP and average echo-intensity in the
liver parenchyma and kidney cortex (C) and hepatic/renal ratio
(H/R, D) in the control and obese groups.

Hepatic echo-intensity attenuation rate (HA, Figure 2A and 2B) In a
right subcostal view at the anterior axilla line under supine position, a
tangent line was drawn and the ultrasound wave transmission line was
determined, starting from the point of tangency and perpendicular to
the tangent line. Two ROIs of 1.5 × 1.5 cm were selected in
homogeneous hepatic regions along the ultrasound transmission line
near and posterior to the liver anterior margin, with a distance of 4-6

cm in depth. The actual linear distance between the 2ROIs was also
measured for HA calculation38.

Figure 2: Representative ultrasound images show selected regions of
interest at the near and far field of the liver parenchyma from a
representative normal (A) and obese (B) NHP and average echo-
intensity of near and far liver parenchyma, respectively (C) and
echo-intensity attenuation rate (HA, D) in the control and obese
groups.

The echo-intensity of ultrasound waves was attenuated
exponentially, shown as the following equations where A0 and Ad are
echo-intensities at the sound source and the liver parenchyma at a
specific depth, respectively; a is the attenuation coefficient of the liver
parenchyma; f is the frequency of the ultrasound detector; and d is the
depth of ROI38:�� = �0 ×  �−� . � .�
The ratio of the average echo-intensity for the ROIs in the near-

(An) to far- (Af) field of 217 the liver obtained from equation (3) is
then calculated as below, where dn and df are the depth of 218 near-
and far-field ROIs in the liver, respectively.���� = �� . �(�� − ��)           (4)

Then the formula for hepatic echo-intensity attenuation rate
deduced from equation (4) is 221 calculated as below where Δdis the
distance between the near- and far-field ROIs.�� = (lnA� − ����)(�� .��)            (5)

Liver triglyceride content measurement and histopathology
examinations

Liver tissues obtained in the tissue bank from several previous
necropsy normal and dysmetabolic/diabetic NHPs were fixed in
formalin (10% neutral buffered), embedded in paraffin wax blocks and
5 μm in thickness sections were stained with hematoxylin-eosin-safran
About 100 mg liver tissue was homogenized for 30 seconds in 5%
NP40 (Beyotime, China) with protease inhibitor cocktail (sigma,
USA), centrifuged at 12,000 g/min for 2 minutes for collection of the
supernatant. The samples were tested by a triglyceride quantification
kit (Bio Vision, USA).
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Liver fibrosis panel
Many noninvasive panels of tests have been developed to stage liver

disease, including a combination of clinical and routine laboratory
parameters, as well as specialized tests involving direct biomarkers of
fibrosis and elastography [21-24], among which are

Fibrosis-4 index(FIB4)=Age (y) × AST (IU/L)/(platelet counts
(109/L) × vALT (IU/L))         (6)

BARD score (scale 0-4): BMI ≥ 28 kg/m2=1, AST/ALT ≥ 0.8=2,
T2D=1                                      (7)

AST to platelet ratio index (APRI) = AST (IU/L) / platelet count
(109/L) × 100                           (8)

Cytokeratin 18-fragment (CK-18) was measured by a monkey
cytokeratin 18 ELISA kit (My BioSource, US). Whole blood was
collected into an ice-cold K2-EDTA tube; plasma separated by
centrifugation at 3000 rpm for 15 min at 4°C and stored in -80°C until
analysis.

Statistical analysis
All the data were expressed as mean ± standard error (SE).

Statistical analysis was conducted using SPSS 17.0 software for
Windows (version 17.0; IBM-SPSS, Chicago, Illinois, USA). Student t-
tests were used to compare the mean values between the 2 groups.
Univariable logistic regression analysis was conducted to examine the
relationships between the prevalence of H/R ratio or HA and other risk
factors with odds ratios (OR) and 95% confidence intervals (CI) being
used to examine the associations between animals with or without
certain risk factors. Because there is no consensus for the criteria of
these risk factors in NHPs, we determined the threshold using 3
methods: 1) based on our experience in an NHP population arbitrarily
set: age ≥ 10 years; Total- & Trunk-fat ≥ 20%; fasting blood glucose
(FBG) ≥ 85 mg/dL; glycosylated hemoglobin A1C (HbA1c) ≥ 6%; 2)
the median values of the populations in the present study were used
due to abnormal distribution of the data: BMI ≥ 13.5 kg/m2, BW ≥ 9.3
kg , WC ≥ 45 cm, platelet count ≥ 310 x 109/L, CK-18 ≥ 13 ng/ml, FIB4
≥ 0.36, APRI ≥ 0.46, H/R ratio ≥ 1.4, HA ≥ 0.19 MHz/cm; 3) based on
the literature39: ALT ≥ 40 and 31 U/L and AST ≥ 37 and 31 U/L for
males and females, respectively; CHO ≥ 200 mg/dL; TG ≥ 150 mg/dL;
HDL ≤ 35 mg/dL; LDL ≥ 140 mg/dL; BARD ≥ 2. Relationships
between the dependent and independent variables in the individual
animals were analyzed using simple linear regression. All P-values were
2-sided and considered statistically significant when less than 0.05.

Results

General characterizations (Table 1)
The study consisted of 36 cynomolgus monkeys of both genders

with age ranging from 5-21 years, BW 4.2-17.2 kg, BMI 8.2-24.7
kg/m2, WC 28.5-78.0 cm, Total-fat 4.1-53.6%, Trunk-fat 15.8-25.4%,
H/R ratio 0.79-2.60, HA -9.9-71.0 kHz/cm, ALT 20-176 IU/L, AST
14-83 IU/L, Platelet counts 237-519 x 109/μL, CHO 72-200 mg/dL, TG
25-297 mg/dL, HDL 19-76 mg/dL, LDL 15-91mg/dL, FBG
34-255mg/dL, HbA1c 3.9-10.2%, CK-18 2.1-4.5 ng/mL, FIB4 0.04-
0.39, APRI 0.09-1.38, BARD 0-4. The animals were divided into
control and obese groups with Total-fat composition being set at 20%.
As expected, general characteristics of the NHPs, including BW, BMI,
WC, Total- and Trunk-fat, TG, LDL as well as the liver fibrosis indices:

BARD score, APRI and AST/ALT, were all significantly higher in the
obese compared to control group.

 Total-fat<20% (n=22) Total-fat ≥ 20% (n=14) p value

General Characterizations

Age (years) 12.2 ± 1.1 12.6 ± 0.9 0.415

BW(kg) 8.5 ± 0.5 10.8 ± 0.8 0.008

BMI (kg/m2 12.5 ± 0.5 15.5 ± 1.0 0.002

WC (cm) 40.9 ± 1.5 53.0 ± 2.6 0.000

Total-fat (%) 9.8 ± 1.2 29.6 ± 2.6 0.000

Trunk-fat (%) 11.3 ± 1.5 35.2 ± 2.5 0.000

FBG (mg/dL) 107.4 ± 10.8 116.7 ± 18.2 0.248

HbA1c (%) 6.5 ± 0.6 5.1 ± 0.4 0.067

CHO (mg/dL) 117.6 ± 6.4 105.3 ± 4.7 0.125

HDL (mg/dL) 46.8 ± 3.3 49.5 ± 2.5 0.273

LDL (mg/dL) 50.5 ± 4.0 37.2 ± 5.0 0.043

TG (mg/dL) 84.5 ± 8.8 135.6 ± 25.0 0.008

Liver Fibrosis Indices

FIB4 0.3 ± 0.1 0.4 ± 0.1 0.121

BARD 1.7 ± 0.3 3.1 ± 0.3 0.001

APRI 0.40 ± 0.05 0.55 ± 0.11 0.017

CK-18 (ng/mL) 11.8 ± 1.8 14.3 ± 3.5 0.491

ALT (IU/L) 55.1 ± 7.4 41.4 ± 6.1 0.010

AST (IU/L) 42.8 ± 4.0 56.6 ± 9.8 0.040

Platelet (109/μL) 313.9 ± 26.5 300 ± 30.3 0.279

Table 1: Characterization of obese monkeys.

Liver triglyceride contents and histopathological
characterizations

In 3 control and 4 diabetic NHPs, postmortem necropsy was carried
out to collect the liver tissues for measurement of liver tissue
triglyceride content as well as histopathology analysis. The liver TG
contents were significantly higher in the diabetic than control group
(Figure 3A), which were strongly correlated with fasting blood glucose
(Figure 3B). The gross appearance of the livers was yellowish with stiff
texture. HE staining showed a clear fatty accumulation in the
hepatocytes of the liver from the dysmetabolic NHPs (Figure 4). Some
of them had diffuse fatty changes with micro and macro vacuoles,
especially in the liver with severe fatty accumulation, hepatocyte
ballooning was recognized. Mild inflammatory cell infiltration in the
fatty liver was also recognized mostly in the portal area. Mild and focal
fibrosis appeared in the portal, central vein and peri-sinusoidal areas,
especially in the liver with severe fatty changes. Bridge fibrosis and
cirrhosis were not observed at this stage.

Citation: Liu Y, Gu H, Wang H, Wang B, Wang X, et al. (2017) Hepatic Steatosis and Fibrosis in Obese, Dysmetabolic and Diabetic Nonhuman
Primates Quantified by Noninvasive Echography . J Diabetes Metab 8: 767. doi:10.4172/2155-6156.1000767

Page 4 of 9

J Diabetes Metab, an open access journal
ISSN:2155-6156

Volume 8 • Issue 10 • 1000767



Figure 3: Correlation of the triglycerides between the liver tissue
and serum. A: Correlation of the triglycerides between the liver
tissue and serum; B: Correlation in the individual NHPs.

Figure 4: Postmortem histopathology of the liver tissues from a
normal and 3 dysmetabolic monkeys at different stages of steatosis/
steatohepatitis. Top (low magnification = x 50); and Middle (high
magnification = x400): Hematoxylin and eosin H and E) stain
shows different stages of steatosis/steatohepatitis with black arrows
indicating inflammatory cell infiltrations, p: portal vein; cv: central
vein. A & E: Normal liver; B & F: Mild steatotic liver with micro
vacuoles and very few inflammatory cell infiltrations; C & G:
Moderate steatotic liver with micro vacuoles and many
inflammatory cell infiltrations widely and forming a focus; D & H:
Severe steatotic liver with macro vacuoles and significant
hepatocyte ballooning degeneration, multiple foci of inflammatory
cell infiltrations; Bottom: Sirius red (SR) stain (magnification =
x100) for collagen depositions indicated by blue arrows; p: portal
vein; I: Original collagen deposited only in the portal area; J:
Slightly enlarged area of collagen deposition in the portal area,
several areas of 566 hepatocyte basement membrane showed an
enhanced collagen intensity without pathological collagen
deposition; K: Slightly enlarged area of collagen deposition in the
portal area, but no intracellular deposition; L: Enlarged area of
collagen deposition in the portal area, and several focal intracellular
collagen depositions.

Echography characterizations and correlation with metabolic
and liver fibrosis indices
The liver parenchyma from a control NHP (Figure 1A and 2A) had

homogeneous echo texture with similar or a slightly higher
echogenicity when compared to the parenchyma of the kidney cortex
and spleen. Fatty liver (Figure 1B and 2B) showed greater echogenicity
(bright liver) than the kidney cortex and spleen parenchyma. The
echography was analyzed digitally for correlation with biometrical and
metabolic status as well as liver fibrosis indexes as below.

 H/R<1.4 (n=20) H/R ≥ 1.4 (n=16) p value

General Characterization

Age (years) 12.1 ± 0.8 12.6 ± 1.3 0.359

BW(kg) 9.5 ± 0.6 9.1 ± 0.8 0.334

BMI (kg/m2) 13.6 ± 0.6 13.8 ± 0.9 0.100

WC (cm) 44.8 ± 1.9 46.7 ± 3.0 0.292

Total-fat (%) 16.5 ± 2.5 18.8 ± 3.4 0.276

Trunk-fat (%) 19.4 ± 3.0 22.1 ± 3.9 0.281

FBG(mg/dL) 111.1 ± 14.2 119.9 ± 12.6 0.049

HbA1c (%) 5.1 ± 1.0 5.9 ± 0.9 0.117

CHO (mg/dL) 116.4 ± 6.5 108.4 ± 5.5 0.182

HDL(mg/dL) 47.0 ± 3.2 49.8 ± 3.0 0.334

LDL(mg/dL) 46.6 ± 4.3 43.8 ± 5.3 0.342

TG (mg/dL) 100.0 ± 17.2 110.6 ± 17.6 0.051

Liver Fibrosis Indices

FIB4 0.25 ± 0.0 0.61 ± 0.1 0.000

BARD 1.5 ± 0.3 3.2 ± 0.2 0.000

APRI 0.26 ± 0.03 0.70 ± 0.08 0.000

CK-18 (ng/mL) 13.8 ± 2.7 11.5 ± 2.1 0.529

ALT (IU/L) 38.2 ± 5.2 59.1 ± 7.9 0.022

AST (IU/L) 34.8 ± 3.9 65.0 ± 7.3 0.001

Platelet (109/μL)8 340.8 ± 17.1 270.9 ± 37.4 0.039

Liver Ultrasound

HA (kHz/cm) 6.6 ± 2.3 31.5 ± 4.4 0.006

Table 2: Characterization of monkeys for hepatic/renal echo-intensity
ratio (H/R).
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Figure 5: Correlation between hepatic/renal echo-intensity ratio
(H/R) with liver fibrosis indices: A. Fibrosis-4 (FIB4); B. AST to
Platelet Ratio Index (APRI); C. BMI, AST/ALT ratio, Diabetes score
(BARD); D. Platelet counts; E. ASL/ALT ratio; F. Serum cytokeratin
18 fragment (CK-18).

 OR 95% CI for OR p value

General Characterization

Age (>10 years) 1.4 0.3-5.6 0.636

BW(>9.3 kg) 1.9 0.5-7.1 0.366

BMI (>13.5 kg/m2) 4.1 1.0-16.6 0.049

WC (> 45cm) 1.6 0.4-5.9 0.503

Total-fat (>20%) 6.5 7.2-5.7 0.017

Trunk-fat (>20%) 3 0.8-11.9 0.065

FBG (>85 mg/dL) 1.7 1.0-2.4 0.047

HbA1c (>6%) 1.7 1.0-2.5 0.037

CHO (>200 mg/dL) 1.2 0.3-4.4 0.821

HDL (<35 mg/dL) 1 0.3-3.6 0.940

LDL (>140 mg/dL) 0.8 0.4-1.0 0.506

TG (>150 mg/dL) 3.8 2.9-4.8 0.030

Liver Fibrosis Indices

FIB4 (>3.6) 19.8 3.2-120.0 0.001

BART (>2) 27.9 3.0-257.3 0.003

APRI (>0.46) 5 1.2-20.9 0.028

CK-18 (>13 ng/mL) 0.9 0.2-3.6 0.881

ALT (>40(male), 31 (female) IU/L) 1.2 1.0-1.9 0.041

AST (>37(male), 31(female) IU/L) 3.2 1.2-5.2 0.000

Platelet count (>310 x 109/μL) 0.3 0.1-0.2 0.091

Liver Ultrasound

Hepatic/renal echo-intensity ratio (H/R, Figure 1) The average
echo-intensity for the liver parenchyma, but not the kidney cortex was
significantly higher (Figure 1C), hence the greater H/R ratio (Figure
1D) in the obese than control group. Linear regression analysis
revealed a strong positive correlation (Figure 5) between the H/R ratio
and the liver fibrosis indices such as FIB4 (A), APRI (B), BARD (C),
platelet counts (D), and AST/ALT ratio (E), but not with CK-18 (F).
When divided the NHPs by H/R ratio lower or higher than 1.4, there
was no significant differences in the general characterizations between
the 2 groups; however, the animals with high H/R ratio had
significantly higher liver fibrosis indexes except for CK-18, and lower
platelet counts than those with low H/R ratio (Table 2).

 
HA < 14.6 KHz/cm
(n=18)

HA ≥ 14.6 KHz/cm
(n=18) p value

General Characterization

Age (yr) 11.1 ± 1.0 13.6 ± 0.9 0.037

BW(kg) 9.1 ± 0.7 9.6 ± 0.7 0.299

BMI (kg/m2) 13.2 ± 0.7 14.1 ± 0.8 0.172

WC (cm) 43.8 ± 2.1 47.4 ± 2.6 0.144

Total-fat (%) 14.1 ± 2.6 20.9 ± 3.0 0.043

Trunk-fat (%) 16.6 ± 3.1 24.6 ± 3.5 0.044

FBG(mg/dL) 104.8 ± 12.5 118.2 ± 14.6 0.257

HbA1c (%) 6.1 ± 0.6 5.7 ± 0.6 0.612

CHO (mg/dL) 117.2 ± 7.4 108.5 ± 4.6 0.163

HDL(mg/dL) 46.3 ± 3.8 49.3 ± 2.4 0.051

LDL(mg/dL) 48.6 ± 4.5 42.1 ± 4.8 0.172

TG (mg/dL) 94.3 ± 16.4 115.5 ± 17.8 0.048

Liver Fibrosis Indices

FIB4 0.2 ± 0.03 0.5 ± 0.07 0.000

BARD 1.7 ± 0.3 2.8 ± 0.3 0.013

APRI 13.4 ± 2.3 23.3 ± 3.3 0.009

CK-18 (ng/mL) 14.5 ± 3.5 11.7 ± 1.7 0.431

ALT (IU/L) 45.3 ± 6.1 54.2 ± 8.5 0.019

AST (IU/L) 34.9 ± 3.8 61.4 ± 7.2 0.001

Platelet (109/μL) 340.8 ± 17.1 270.9 ± 37.4 0.039

Liver Ultrasound

H/R ratio 1.2 ± 0.1 1.8 ± 0.1 0.000

Table 4: Characterization of monkeys for hepatic echo-intensity
attenuation rate (HA).
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Table 3: Univariable and multivariable analysis of the risk factors
associated with hepatic/renal echo-intensity ratio (H/R).



Furthermore, at a defined threshold for each risk factor, the
univariable and multivariable analysis revealed that BMI, Total-fat,
FBG, HbA1c, TG, HA, as well as the liver fibrosis indices except for
CK-18 and platelet counts were significantly associated with H/R ratio
(Table 3). Hepatic echo-intensity attention rate (HA, Figure 2). The
average echo-intensity diminished more when the ultrasound
penetrated from the surface to a deep site of the liver, thus, resulting in
a significantly greater decay in the echo-intensity (Figure 2C), thus
higher HA (Figure 2D) in the obese than control group. When the
NHPs were divided into 2 groups with HA above or below 14.6
kHz/cm, the animals with high HA were significantly older and more
obese, with higher TG and all the liver fibrosis indices except for
CK-18, and lower platelet counts than those with low HA (Table 4).
Univariable and multivariable analysis revealed higher prevalence rates
of WC, Total-&Trunk-fat, and some liver fibrosis indices such as FIB4
index, BART score and AST/ALT, were significantly associated with
HA (Table 5). Furthermore, there was a strong positive correlation
between the H/R ratio and HA (Tables 2-5).

 OR 95%CI for OR p value

General Characterization

Age (>10 yr) 2.8 0.66-11.92 0.164

BW(> 9.3 kg) 2 0.52-7.69 0.313

BMI (>13.5 kg/m2) 3.1 0.8-12.3 0.100

WC (>45 cm) 2 1.3-3.7 0.010

Total-fat (>20 %) 7.9 1.7-37.4 0.010

Trunk-fat (>20 %) 5.2 1.3-21.6 0.023

FBG (>85 mg/dL) 1 0.9-4.3 0.049

HbA1c (>6 %) 1 0.2-4.4 1.000

CHO (>200 mg/dL) 1 0.3-3.7 1.000

HDL(>35 mg/dL) 0.4 0.07-2.8 0.379

LDL (>140 mg/dL) 0.9 0.1-1.8 0.877

TG (>150 mg/dL) 0.3 0.06-1.17 0.047

Liver Fibrosis Indices

FIB4(>3.6) 6.2 1.3-29.4 0.020

BART (>2) 4.4 1.0-18.6 0.046

APRI (>0.46) 3.3 0.8-13.0 0.096

CK-18 (>13 ng/mL) 0.7 0.2-2.7 0.598

ALT (>40 (male), 31 (female) IU/L) 0.7 0.2-2.4 0.503

AST (>37 (male), 31 (female) IU/L) 8 1.4-45.4 0.019

Platelet count (>310 × 109/μL) 1.3 0.3-4.6 0.739

Liver Ultrasound

H/R ratio (   1.4) 13 2.6-65.2 0.002

Table 5: Univariable and multivariable analysis of the characteristics
associated with hepatic echo-intensity attenuation rate (HA).

Discussion
The present study demonstrated for the first time that similar to

human patients, pontaneously developed obese, dysmetabolic and T2D
cynomolgus monkeys also display characteristics of NAFLD/NASH,
including high BW, BMI, WC, and hyperlipidemia (TG & LDL)
accompanied by elevated H/R ratio and HA (echography) as well as
some liver fibrosis indices such as FIB-4, APRI, BART, AST/ALT, etc.
Liver histology represented steatotic hepatitis with focal fibrosis. In
parenchymal liver disease, ultrasound reflections from the liver tissue
are altered, mainly resulting from intracellular accumulation of fat
vacuoles, inflammatory infiltration, fibrosis formation, structure
destruction such as hepatomegaly and vascular blurring of the portal
or hepatic veins, etc.12. In the clinic, with noninvasive echography,
steatosis can be qualitatively assessed by: 1) “bright liver”: hyper-
echogenicity of the liver tissue often compared to hypo-echogenicity of
the kidney cortex; 2) greater decay of echo intensity with depth
(posterior beam attenuation); 3) fine, tightly packed echoes; and 4) loss
of echo reflections from the wall of the portal vein, etc. (featureless
appearance) [16,17]. In the present study, the clinical echography
method has been adapted for application in NHP model of obese,
dysmetabolism and diabetes.Although our data also showed a bright
liver in obese NHPs (Figure 1A and 1B, Figure 2A and 2B), such
detection is traditionally a qualitative or semi-quantitative scoring
method, highly dependent on the examiner’s subjective experience for
interpretation. This can lead to diagnostic errors and limitations for
reproducibility; therefore, objective and quantitative approaches for
identification of patients and following-up the degree of disease
progression have been suggested [40]. Computer-assisted echography
analysis has been developed for quantification of liver echography
images in clinical application [41]. Increased H/R ratio has been
reported in obese compared to normal-weight children [37]; which is
strongly correlated with hepatic fat content measured radioactively
[38,39] and the degree of histologic steatoses with liver biopsy [40-42],
as well as being significantly distinguishable in NAFLD patients from
healthy controls [43]. When ultrasound penetrates into the liver tissue,
the echo-intensity decays proportionally with the distance (depth). In a
diseased liver with fatty accumulation, inflammatory infiltrations,
fibrosis and structure destruction, there would be a greater decay in
echogenicity, measured by the hepatic echo- intensity attenuation rate
(HA). Indeed, in NAFLD/NASH patients, an elevated HA also strongly
correlates with an increase in hepatic fat content measured by 1H-MRS
[44]. Consistent with these clinical observations, the present data
demonstrated for the first time that both H/R ratio and HA were also
significantly greater in obese NHPs, which was highly correlated with
many risk factors related to obesity, dysmetabolism, diabetes and liver
disease. Furthermore, H/R ratio and HA are also highly correlated with
each other, indicating that both indices may reflect similar
morphological changes in the liver. Additional echography features,
such as hepatorenal contrast (the difference in echogenicity between
the liver and right kidney cortex) or blurring of the hepatic vein have
similar sensitivity whereas other characteristics such as portal vein
blurring or posterior attenuation have lower sensitivity [43]. Also
consistent with our observations in the cynomolgus monkeys, we also
observed similar liver echo graphic changes in spontaneously
developed obese, dysmetabolic and T2D rhesus monkeys (data not
shown). Furthermore, Wang et al. reported a similar correlation
between the noninvasive ultrasound detection and the clinical
progression of both biochemical and pathological changes from liver
biopsy samples in rhesus monkeys with alcohol-induced liver steatosis
and fibrosis [45]. The liver fibrosis panel has been used clinically as a
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biomarker for the noninvasive assessment of liver function and
structure changes, including liver enzymes AST/ALT, CK-18, platelet
counts, and other metabolic risk factors, such as age, BW, BMI, gender,
hypertension, diabetes, etc. Among these risk factors, FIB4, BARD,
APRI, etc. were reported to have high sensitivity and specificity for the
diagnosis of advanced liver fibrosis in the NAFLD population
[22,23,38]. In consistent with these clinical reports, the present data
also showed increased ALT/AST, FIB4, BARD, and APRI, as well as
reduced platelet counts, indicating a compromised liver function and
structure in the NHPs with high H/R ratio and HA. In particular, our
data demonstrate d strong correlations between H/R ratio and all 3
liver fibrosis indices, indicating that computer-assisted echography
may quantitatively reflect both the liver function as well the degree of
histopathological changes in the liver tissue in NHPs with NAFLD/
NASH. No significant correlation of CK-18 with the echography,
metabolic and liver fibrosis indices suggests that this may not be a
sensitive marker in the NHP model, or that liver pathologic changes
are still in the early disease stage. This is consistent with the clinical
report that CK-18 levels significantly elevated only in NAFLD patients
when liver histological changes reached stages 3-523. In summary, the
noninvasive sonography with computer-assisted imaging analysis
realized the objective quantification of characteristics of NAFLD/
NASH, which showed enormous advantages over traditional
qualitative methods. The quantitative echography parameters were able
to identify the minimal echogenicity changes for “bright liver” that,
otherwise, would not be possible to distinguish by the naked eye. They
are objective and less dependent on operators’ subjective impression
and judgement, thus, could overcome the errors resulting from
subjective bias. Therefore, it provides an ideal tool in both largescale
clinical investigations in patients and preclinical studies in
experimental animal models, such as NHPs to follow-up efficacy of the
therapeutic agents during the course of the treatment for NAFLD/
NASH. Furthermore, the similar pathogenic characteristics and
accompanied risk factors observed in both humans and monkeys make
the current NHP model of spontaneously developed obesity,
dysmetabolism and diabetes a unique translational tool not only for
studying the pathogenic mechanisms of disease progression, but also
for testing novel pharmacological interventions for diabetes related
NAFLD/NASH.
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