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ABSTRACT
Introduction Obesity- related insulin resistance is a widely 
accepted pathophysiological feature in type 2 diabetes. 
Systemic metabolism and immunity are closely related, 
and obesity represents impaired immune function that 
predisposes individuals to systemic chronic inflammation. 
Increased macrophage infiltration and activation in 
peripheral insulin target tissues in obese subjects are 
strongly related to insulin resistance. Using a macrophage- 
specific proliferation inhibition mouse model (mac- 
p27Tg), we previously reported that suppressed plaque 
inflammation reduced atherosclerosis and improved 
plaque stabilization. However, the direct evidence that 
proliferating macrophages are responsible for inducing 
insulin resistance was not provided.
Research design and methods The mac- p27Tg 
mice were fed a high- fat diet, and glucose metabolism, 
histological changes, macrophage polarization, and tissue 
functions were investigated to reveal the significance of 
tissue macrophage proliferation in insulin resistance and 
obesity.
Results The mac- p27Tg mice showed improved glucose 
tolerance and insulin sensitivity, along with a decrease 
in the number and ratio of inflammatory macrophages. 
Obesity- induced inflammation and oxidative stress 
was attenuated in white adipose tissue, liver, and 
gastrocnemius. Histological changes related to insulin 
resistance, such as liver steatosis/fibrosis, adipocyte 
enlargement, and skeletal muscle fiber transformation to 
fast type, were ameliorated in mac- p27Tg mice. Serum 
tumor necrosis factor alpha and free fatty acid were 
decreased, which might partially impact improved insulin 
sensitivity and histological changes.
Conclusions Macrophage proliferation in adipose tissue, 
liver, and skeletal muscle was involved in promoting the 
development of systemic insulin resistance. Controlling the 
number of tissue macrophages by inhibiting macrophage 
proliferation could be a therapeutic target for insulin 
resistance and type 2 diabetes.

INTRODUCTION
Obesity- related insulin resistance is a widely 
accepted pathophysiological feature in type 

2 diabetes. Systemic metabolism and immu-
nity are closely related, and obesity represents 
impaired immune function that predisposes 
individuals to systemic chronic inflammation. 
Increased macrophage infiltration and acti-
vation in peripheral insulin target tissues in 
obese subjects are strongly related to insulin 
resistance.1–3

Adipose tissue represents active metabolic 
organs that produce and secrete adipokines, 
including proinflammatory biomarkers such 
as tumor necrosis factor alpha (TNF-α), 
monocyte chemoattractant protein-1 (MCP-
1), and free fatty acid (FFA).4 5 Activated 
immune cells, including macrophages and T 
and B lymphocytes, exaggerate tissue inflam-
mation, which in turn promotes the progres-
sion of systemic insulin resistance.3 6 Among 

Significance of this study

What is already known about this subject?
 ► Increased macrophage infiltration and activation in 
peripheral insulin target tissues in obese subjects 
are strongly related to insulin resistance.

What are the new findings?
 ► Macrophage proliferation was observed not only in 
adipose tissues but also in liver under high- fat diet 
feeding.

 ► Specific inhibition of macrophage proliferation ame-
liorates inflammation and oxidative stress in adipose 
tissue, liver, and skeletal muscle, involving at least in 
part of the improvement of insulin resistance.

How might these results change the focus of 
research or clinical practice?

 ► Controlling the number of tissue macrophages 
by inhibiting macrophage proliferation could be a 
therapeutic target for insulin resistance and type 2 
diabetes.
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these immune cells, macrophages reportedly play crucial 
roles in adipose tissue inflammation. Formation of crown- 
like structures (CLSs), which are described as accumula-
tions of proinflammatory macrophages and extracellular 
matrix material around dead adipocytes, are considered 
histological hallmarks of adipose tissue inflammation.7

Obesity is characterized by chronic inflammation, not 
only in adipose tissue, but also in liver and skeletal muscle. 
Non- alcoholic fatty liver disease (NAFLD) is recognized 
as the hepatic manifestation of metabolic syndrome and 
considered closely related to obesity and insulin resis-
tance.8 The pathophysiology of NAFLD is multifactorial 
and not yet completely understood. However, innate 
immunity, in which liver- resident macrophages (Kupffer 
cells) and recruited macrophages play a central part, 
is thought to be a major contributing factor in disease 
progression.9 10

Skeletal muscle is the other major site of insulin 
resistance in obesity and type 2 diabetes. Although the 
underlying molecular mechanism of muscle insulin resis-
tance is not fully understood, several hypotheses have 
been proposed. In addition to lipid accumulation inside 
muscle cells and FFA- induced inflammatory response, 
macrophage recruitment into skeletal muscle tissue is 
reportedly involved in promoting insulin resistance.2 11 12

Tissue macrophages are known to proliferate to main-
tain their numbers to perform specialized tasks in each 
tissue.13 14 Inflammation is a major stimulus for increasing 
macrophage numbers at a particular site. Acute response 
to pathogens and chronic inflammatory response in 
peripheral cancer sites or atherosclerotic plaques are 
representative cases of increased monocyte infiltra-
tion followed by macrophage differentiation.15 These 
tissue macrophages have proliferative capacity.13 16 17 
Increasing the number of proliferating macrophages in 
adipose tissue in an obese mouse model with diabetes 
has been previously reported.18 19 To verify the roles of 
macrophages in promoting insulin resistance in obese 
adipose or liver tissues, several experimental approaches 
have been employed, with the intention of controlling 
tissue macrophage numbers.9 20 21 These reports show 
that macrophages play a central role in promoting 
chronic inflammation in adipose and liver tissue and 
that reducing the number of macrophages is effective 
in improving systemic insulin sensitivity. However, these 
approaches still do not provide direct evidence that 
proliferating macrophages are responsible for inducing 
obesity and insulin resistance.

We have recently demonstrated direct evidence of 
macrophage proliferation in atherosclerotic plaque 
and the significance of its inhibition in terms of thera-
peutic strategy using a macrophage- specific prolifera-
tion inhibition mouse model.22 This mouse model was 
designed to obtain macrophage- specific expression of 
cyclin- dependent kinase inhibitor 1B (p27kip) under the 
regulation of a scavenger receptor promoter/enhancer 
to inhibit macrophage proliferation. Macrophage- 
specific proliferation- inhibited mice were crossed with 

atherosclerosis model ApoE deficient mice. Inhibited 
macrophage proliferation resulted in a significant reduc-
tion of atherosclerotic plaque formation, along with 
advanced plaque stabilization.

In the current study, macrophage- specific proliferation- 
inhibited mice were fed a high- fat diet (HFD), and 
glucose metabolism, histological changes, macrophage 
polarization, and tissue functions were investigated to 
reveal the significance of tissue macrophage prolifera-
tion in insulin resistance and obesity. The findings of this 
study will clarify whether the regulation of tissue macro-
phage numbers could potentially be a therapeutic target 
for insulin resistance and type 2 diabetes.

MATERIALS AND METHODS
Animals
Macrophage- specific human p27kip Tg (mac- p27Tg) 
mice were designed to induce human p27kip expres-
sion under scavenger receptor- AI promoter/enhancer 
regulation.22–24

All control and mac- p27Tg mice were of C57BL/6J 
background. All animal procedures were conducted 
according to the Guide for the Care and Use of Labora-
tory Animals issued by the Animal Research Committee 
at Kumamoto University (Kumamoto, Japan). Mice 
were anesthetized with isoflurane then killed by cervical 
dislocation.

Ten- week- old male wild- type (WT) control and mac- 
p27Tg mice were fed a HFD (59% calories as fat (lard), 
5.578 kcal/g; Oriental Yeast, Tokyo, Japan). These mice 
were kept in a temperature- controlled facility and main-
tained on food and water ad libitum. Tissues and fasting 
serum were collected from 20- week- old mice.

Metabolic studies
An intraperitoneal glucose tolerance test (IPGTT) (1.0 g/
kg body weight) was performed after 16 hours of fasting 
in WT or mac- p27Tg mice fed an HFD for 5 weeks. Blood 
glucose values were measured before and 15, 30, 60, 90, 
and 120 min after glucose injection. Insulin levels were 
measured at 0, 15, and 30 min after injection.

An intraperitoneal insulin tolerance test (IPITT) 
(1.0 U/kg body weight) was performed after 3 hours of 
fasting in WT or mac- p27Tg mice fed a HFD for 8 weeks. 
Blood glucose values were obtained 15, 30, 60, 90, and 
120 min after injection.

An intraperitoneal pyruvate tolerance test (IPPTT) 
(2.0 g/kg body weight) was performed after 16 hours of 
fasting in WT or mac- p27Tg mice fed a HFD for 8 weeks. 
Blood glucose values were obtained 15, 30, 60, 90, 120, 
and 180 min after injection.

Liver and gastrocnemius triglyceride (TG) content 
measurements
The liver tissue (100 mg) or gastrocnemius (150 mg) was 
homogenized in 1.0 mL of methanol–chloroform (2:1), 
and lipids were extracted from the chloroform fraction. 
Then, the extracted TG contents were determined using 
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a LabAssay Triglyceride kit (Wako, Osaka, Japan). TG 
concentration was evaluated as mg/g wet tissue.

ELISA
Serum insulin, TNF-α, adiponectin, and FFA levels were 
determined using an insulin ELISA kit (Shibayagi, Shibu-
kawa, Japan), a TNF-α Mouse ELISA Kit (Invitrogen, 
California, USA), a Mouse Adiponectin ELISA Kit (Ray 
Biotech, Georgia, USA), and a free fatty acid assay kit 
(Cosmobio, Tokyo, Japan), respectively, following the 
manufacturers’ instructions.

Histological examination of liver and adipose tissue sections
Liver and epididymal white adipose tissue (epi- WAT) 
were fixed with neutral- buffered 10% formalin and 
embedded in paraffin. The sections were stained with 
anti- Iba-1 monoclonal antibody (Wako). The tissues 
were incubated for 1.5 hours at room temperature with 
secondary antibodies and visualized with DAB (Nichirei 
Bioscience, Tokyo, Japan). To estimate adipocyte size, epi- 
WAT sections were stained with H&E, and 400 adipocytes 
per mouse were quantitatively evaluated. Liver sections 
were stained with azan to identify fibrosis.

Immunostained samples were histologically analyzed 
under a BZ- X700 microscope (Keyence, Osaka, Japan).

Nicotinamide adenine dinucleotide–tetrazolium reductase 
(NADH-TR) staining
Frozen gastrocnemius sections were incubated for 15 min 
at room temperature in a solution of 0.2 mol/L Trizma 
base, 1.5 mmol/L nicotinamide adenine dinucleotide, 
and 1.5 mmol/L nitro tetrazolium blue. Sections were 
then serially incubated with acetone solutions (60, 80, 
100, 80, and 60% for 2 min each). Staining intensity on 
each section was assessed using ImageJ software.

Immunostaining of gastrocnemius sections
Frozen gastrocnemius sections were incubated for 
30 min at room temperature and fixed with acetone. 
Sections were blocked in 3.0% goat serum and washed 
with phosphate- buffered saline (PBS) for 2 hours at 
room temperature. Sections were incubated overnight 
at 4℃ with monoclonal antiskeletal myosin (Slow, Clone 
NOQ7.5.4D) and antilaminin (Sigma- Aldrich, Missouri, 
USA). The tissues were incubated for 1 hour at room 
temperature with secondary antibody, then visualized 
with Alexa Fluor 488 or Alexa Fluor 350. Immunostained 
samples were histologically analyzed using a BZ- X700 
microscope (Keyence).

Quantitative reverse-transcription PCR analysis
Total RNA from liver was isolated using an RNeasy Mini 
Kit (Qiagen, California, USA). Total RNAs of the epi- 
WAT and gastrocnemius were respectively extracted 
with an RNeasy Lipid Tissue Kit and an RNeasy Fibrous 
Tissue Mini Kit (Qiagen). First- strand cDNA was synthe-
sized using ReverTra Ace (Toyobo, Osaka, Japan). Quan-
titative PCR was performed using GoTaq qPCR Master 
Mix (Promega, Mannheim, Germany) in an ABI 7300 

real- time PCR system (Applied Biosystems, CA, USA). 
Quantitative mRNA results were normalized to 18S 
mRNA. A dissociation curve analysis was performed 
after the last amplification cycle to assess amplified PCR 
product specificity. The primers used in this study are 
listed in online supplemental table 1.

Tissue insulin signaling by western blot analysis
Liver, epi- WAT, and gastrocnemius were dissected 1 min 
(liver), 3 min (epi- WAT), and 5 min (gastrocnemius) 
after 0.5 U/kg body weight of insulin were injected into 
the inferior vena cava of anesthetized 20- week- old mice 
after 16 hours of fasting.

Tissues were lysed in 0.5% CHAPS 
(3-[(3-  Cholamidopropyl)dimethylammonio]-1 - 
propanesulfonate) lysis buffer. Equal amounts of protein 
were separated by sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis and transferred onto polyvi-
nylidene fluoride membranes. Membranes were probed 
with purified mouse anti- Akt (1:1000) (Cell Signaling 
Technology, USA) and anti- pAkt (1:1000) (Ser473, Cell 
Signaling Technology). Following incubation with horse-
radish peroxidase (HRP)- conjugated secondary anti-
bodies, proteins were visualized with Immobilon Western 
Chemiluminescent HRP Substrate (Millipore, Massachu-
setts, USA) according to the manufacturer’s instructions. 
Immunoblotting signals were quantified with a Light 
Capture II (ATTO, Tokyo, Japan).

Hyperinsulinemic–euglycemic clamp study
Mice were implanted with jugular venous catheters 3 days 
before hyperinsulinemic–euglycemic clamp testing. Basal 
whole- body glucose turnover was measured by infusing 
[3H] glucose (high- performance liquid chromatography 
purified; PerkinElmer Life Sciences, Massachusetts, 
USA) at 0.05 µCi/min for 120 min into the jugular cath-
eter after 3 hour of fasting. Following this basal period, 
hyperinsulinemic- euglycemic clamping was conducted 
in conscious mice for 120 min with a primed infusion of 
insulin (10.0 mU/kg/min) and [3H] glucose (0.1 µCi/
min), followed by a continuous infusion of insulin (3.0 
mU/kg/min) and [3H] glucose (0.1 µCi/min), and a 
variable infusion of 40% glucose to maintain euglycemia 
(<120 mg/dL). Plasma samples were collected from the 
tail at 0, 90, 100, 110, and 120 min.

Flow cytometry
Liver and adipose tissue samples for flow cytometry anal-
ysis were collected from 20- week- old mice. The mice 
were perfused with PBS from the inferior vena cava to 
remove blood from the liver. Macrophage isolation was 
performed by cutting organs into small pieces, then 
digesting them in PBS containing 2% FBS, 100 U/mL 
collagenase Ⅳ (liver) or 1 mg/mL collagenase Ⅱ (adipose 
tissue), and DNase (Sigma- Aldrich) for 20 min at 37 ℃ 
with shaking at 200 rpm. The digested cell suspension was 
then washed with PBS and passed sequentially through 
100 µm cell strainers. The following antibodies were 
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used for flow cytometric analyses: CD11b- PerCP- Cy5.5 
(BD Biosciences, Franklin Lakes, New Jersey, USA), 
CD11c- allophycocyanin (BD Biosciences), CD206- PE 
(BioLegend, San Diego, California, USA), and F4/80- 
PE- Cy7 (BioLegend). Antibody dilutions were in the 
range of 1:200. Liver macrophages were identified as 
CD11bhigh/lowF4/80+. Adipose tissue macrophages were 
identified as CD11b+F4/80+. The M1:M2 ratio was calcu-
lated from the number of CD11c positive (M1) or CD206 
positive (M2) cells, counting 5000 tissue macrophages 
for each mouse. Oxidative stress in tissue macrophages 
was detected using CellRox Green Reagent (Invitrogen) 
according to manufacturer recommendations. Macro-
phage proliferation was assessed by cellular DNA content 
using DAPI (4,6- diamidino-2- phenylindole) staining. 
DAPI staining was performed by the same method as that 
of the previous report25; 5000 tissue macrophages were 
counted; and the ratio of S/G2/M phase macrophages 
was calculated.

All gating strategies are shown in online supplemental 
figure 1. Data were acquired on a SH800S cell sorter 
(Sony, Tokyo, Japan) and analyzed with FlowJo V.10.

Measurement of thiobarbituric acid-reactive substances 
(TBARS)
TBARS measurement was based on malondialdehyde 
formation using a commercially available TBARS Assay 
kit (Cayman Chemical, Michigan, USA) following the 
manufacturer’s instructions.

Statistical analysis
Results were expressed as mean±SEM. Statistical tests 
used included an unpaired Student’s t- test with Welch’s 
correction for unequal variances and one- way analysis of 
variance followed by Tukey’s multiple comparison test. A 
p value of <0.05 denoted statistical significance.

RESULTS
Impact of macrophage proliferation on insulin sensitivity
To investigate the effect of macrophage proliferation inhibi-
tion on glucose tolerance and insulin sensitivity, 10- week- old 
WT and mac- p27Tg mice were fed a HFD for 10 weeks.

There was no significant difference in basal metabolic 
parameters between WT controls and mac- p27Tg mice 
(online supplemental figure 2).

IPGTT, IPITT, and IPPTT results showed that on IPGTT, 
plasma glucose levels were significantly lower in mac- p27Tg 
mice than in WT controls (figure 1A). After glucose injec-
tion, no significant difference in plasma insulin levels was 
observed between the two groups (figure 1B). On IPITT, 
plasma glucose levels were significantly lower in mac- p27Tg 
mice at 60, 90, and 120 min (figure 1C). In IPPTT, plasma 
glucose levels were significantly lower in mac- p27Tg mice at 
60, 90, 120, and 180 min (figure 1D).

Hyperinsulinemic- euglycemic clamp showed that the 
glucose infusion rate and rate of glucose disappearance 
were significantly higher in mac- p27Tg mice (figure 1E,G), 
and hepatic glucose production was significantly lower in 

mac- p27Tg mice (figure 1F). These findings suggested 
that macrophage- specific proliferation inhibition improved 
systemic glucose tolerance, ameliorated peripheral insulin 
sensitivity, and suppressed hepatic gluconeogenesis.

In addition to the systemic improvement in glucose 
metabolism on HFD feeding, we assessed insulin signaling 
in each insulin sensitive tissue after insulin injection. Insulin- 
stimulated Akt phosphorylation in the liver, epi- WAT, and 
gastrocnemius were all significantly increased in mac- p27Tg 
mice (figure 1H–K), suggesting that tissue macrophage 
proliferation inhibition resulted in significantly improved 
insulin sensitivity in major insulin target tissues.

Impact of macrophage proliferation on histological changes 
in adipose tissue
Assessment of the impact of macrophage proliferation on 
histological changes in adipose tissue caused by HFD feeding 
showed that the increase in adipocyte size induced by HFD 
feeding was less pronounced in mac- p27Tg mice than that 
in control mice (figure 2A–C). Immunohistochemical 
staining against Iba-1 showed that macrophage infiltration 
into adipose tissue induced by HFD feeding was extensively 
reduced in mac- p27Tg mice compared with WT controls 
(figure 2D,E). CLS formation was significantly inhibited in 
epi- WAT samples of mac- p27Tg mice compared with WT 
mice (figure 2F). The mRNA expression of macrophage- 
specific F4/80 was significantly lower in HFD- fed mac- p27Tg 
mice than those in WT controls (figure 2G). Proliferating 
epi- WAT macrophages in the S/G2/M cell cycle phases were 
significantly fewer in HFD- fed mac- p27Tg mice than those in 
WT controls (figure 2H). Therefore, macrophage prolifera-
tion inhibition resulted in reduced macrophage accumula-
tion, adipocyte enlargement, and CLS formation in adipose 
tissue.

Impact of macrophage proliferation on inflammatory 
response in adipose tissue
In epi- WAT, the mRNA expression of CD204 and Arg-1 (M2 
macrophage markers) was significantly higher in mac- p27Tg 
mice than the WT controls, whereas there was no significant 
difference in the mRNA expression of CD11c and iNOS (M1 
macrophage markers) between the two groups (figure 2I). 
Flow cytometry analysis revealed that the increase in the M1 
(CD11c+)/M2 (CD206+) ratio of epi- WAT macrophages by 
HFD feeding was significantly decreased in mac- p27Tg mice 
(figure 2J).

The mRNA expression of TNF-α and MCP-1 was signifi-
cantly lower in adipose tissue from mac- p27Tg mice than 
that of WT controls. In contrast, interleukin (IL)-10 mRNA 
expression was significantly increased in mac- p27Tg mice. 
The expression of adiponectin mRNA was comparable 
between mac- p27Tg mice and WT controls (figure 2K).

In addition, flow cytometry assessment of oxidative stress 
in epi- WAT macrophages using CellRox Green fluorescence 
showed that the percentage of CellRox positive epi- WAT 
macrophages was significantly increased by HFD feeding in 
WT and mac- p27Tg mice. However, HFD- induced oxidative 
stress was comparable between the two groups (figure 2L). 
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Figure 1 Macrophage- specific proliferation inhibition improves glucose tolerance and insulin resistance. Excursions of plasma 
glucose (A) and insulin (B) concentrations during IPGTT (A, n=13 per group; B, n=6 per group) in HFD- fed mice. (C) Excursions 
of glucose concentrations during IPITT (n=10–13 per group) in HFD- fed mice. (D) Excursions of glucose concentrations during 
IPPTT (n=6 per group) in HFD- fed mice. The glucose infusion rate (E), the hepatic glucose production (F), and rate of glucose 
disappearance (G) in hyperinsulinemic–euglycemic clamping (n=6 per group) in HFD- fed mice. (H) Western blot analysis for p- 
AktSer473 and total Akt after insulin injection in the liver, epi- WAT, and gastrocnemius (n=8 per group) in HFD- fed mice. The ratio 
of AktSer473 to total Akt in liver (I), epi- WAT (J), and gastrocnemius (K) was quantified as fold changes over HFD- fed WT mice 
injected without insulin (n=8 per group). Error bars represent the SE of the mean. *P<0.05. epi- WAT, epididymal white adipose 
tissue; HFD, high- fat diet; IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperitoneal insulin tolerance test; IPPTT, 
intraperitoneal pyruvate tolerance test; Tg, mac- p27Tg; WT, wild type.

 on M
arch 20, 2024 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2020-001578 on 21 O

ctober 2020. D
ow

nloaded from
 

http://drc.bmj.com/


6 BMJ Open Diab Res Care 2020;8:e001578. doi:10.1136/bmjdrc-2020-001578

Metabolism

Figure 2 Macrophage- specific proliferation inhibition prevents histological changes and inflammatory response in the adipose 
tissue of HFD- feeding mice. (A) Representative H&E staining of epi- WAT. scale bars, 100 µm (left panel). The quantification (B) 
and histogram (C) of the adipocyte area in epi- WAT from HFD- fed mice (n=8 per group). (D) Representative immunostaining 
of epi- WAT with anti- Iba-1 antibodies. (E) Quantification area of Iba-1- positive/total area (n=6–8 per group). (F) The number 
of CLSs/mm2 in epi- WAT from HFD- fed mice (n=6 per group). (G) Relative mRNA expression of F4/80 and CD68 in epi- WAT 
from HFD- fed mice (n=10 per group). (H) Macrophage proliferation rate by cell- cycle analysis of epi- WAT macrophages 
determined by DAPI (4,6- diamidino-2- phenylindole) staining (n=8 per group). (I) Relative mRNA expression of CD11c, iNOS, 
CD206, CD204, and Arg-1 in epi- WAT from HFD- fed mice (n=10 per group). (J) The M1 (CD11c+) /M2 (CD206+) ratio of epi- 
WAT macrophages by flow cytometry analysis (n=8 per group). (K) Relative mRNA expression of IL-6, IL-1β, TNF-α, MCP-1, 
IL-10, TGF-β, and adiponectin in epi- WAT from HFD- fed mice (n=10 per group). (L) the percentage of CellRox- positive epi- 
WAT macrophages by flow cytometry analysis (n=4–6 per group). (M) TBARS levels in epi- WAT (n=6–8 per group). Error bars 
represent the SE of the mean. *P<0.05. CLS, crown- like structure; epi- WAT, epididymal white adipose tissue; HFD, high- fat 
diet; IL, interleukin; MCP-1, monocyte chemoattractant protein-1; NC, normal chow; TBARS, thiobarbituric acid- reactive 
substances; Tg, mac- p27Tg; TGF-β, tumor growth factor beta; TNF-α, tumor necrosis factor alpha; WT, wild type.
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TBARS elevation in epi- WAT caused by HFD feeding was 
significantly suppressed in mac- p27Tg mice (figure 2M). 
Therefore, inhibition of macrophage proliferation did not 
affect reactive oxygen species (ROS) production in each 
macrophage but ameliorated whole tissue oxidative stress by 
reducing the number of macrophages in adipose tissue.

In adipose tissue, the increased number of macrophages 
via proliferation was strongly related to tissue inflamma-
tion and oxidative stress caused by HFD feeding. Inhibition 
of macrophage proliferation may involve at least in part of 
ameliorating adipose tissue inflammation, oxidative stress, 
and insulin resistance.

Impact of macrophage proliferation on hepatic steatosis and 
fibrosis
As shown in figure 1D,G, macrophage proliferation 
inhibition suppressed hepatic gluconeogenesis that was 
increased by HFD feeding. Investigation of the histo-
logical changes and mRNA expression in the liver of 
WT controls and mac- p27Tg mice showed that typical 
histological features of hepatic steatosis, such as hepato-
cyte ballooning, Mallory- Denk bodies, and increased 
macrophage- specific staining against Iba-1, appeared in 
liver sections from HFD- fed WT controls. In contrast, 
a marked improvement of steatosis and reduction of 
macrophage staining was observed in the liver of mac- 
p27Tg mice (figure 3A,B). In parallel to these histo-
logical changes, macrophage- specific F4/80 and CD68 
mRNA expression was significantly reduced (figure 3C), 
with a lower percentage of proliferating macrophages 
(figure 3D) in HFD- fed mac- p27Tg mice than in WT 
controls. Moreover, liver TG content was also significantly 
reduced in mac- p27Tg mice (figure 3E).

Azan staining showed that HFD- induced hepatic 
fibrosis was significantly reduced in mac- p27Tg mice 
(figure 3F,G). In accordance with the histological 
changes, the mRNA expression of collagen IaI, αSMA, 
and TIMP-1 was significantly lower in HFD- fed mac- 
p27Tg mice than the WT controls (figure 3H).

Impact of macrophage proliferation on liver inflammatory 
response and oxidative stress
The mRNA expression of CD11c and iNOS was signifi-
cantly lower in mac- p27Tg mice than in WT controls. 
CD204 and Arg-1 mRNA expressions were significantly 
higher in mac- p27Tg mice than those in WT controls 
(figure 3I). Flow cytometric analysis of liver macrophages 
revealed that the M1 (CD11c+)/M2 (CD206+) ratio 
increased by HFD feeding was significantly decreased in 
mac- p27Tg mice (figure 3J). The mRNA expression of 
anti- inflammatory cytokines such as IL-10 and TGF-β was 
markedly increased in liver tissues of mac- p27Tg mice 
(figure 3K). Macrophage number reduction by prolifera-
tion inhibition resulted in reduced tissue inflammation.

Oxidative stress in the liver assessed by TBARS was 
significantly decreased with the reduction of nicotin-
amide adenine dinucleotide phosphate (NADPH) 
oxidase component mRNA expression (figure 3L,M). 

The mRNA expressions of G6Pase and PEPCK, which 
are related to hepatic gluconeogenesis, were signifi-
cantly decreased in mac- p27Tg mice (figure 3N). G6Pase 
(figure 3O) and PEPCK (figure 3P) activities were also 
significantly decreased in mac- p27Tg mice.

These findings suggested that the increased number 
of macrophages resulting from proliferation promoted 
HFD feeding- induced hepatic steatosis, fibrosis, and 
hepatic insulin resistance. Proliferation inhibition 
reversed all three liver phenotypes by ameliorating local 
inflammation and oxidative stress.

Impact of macrophage proliferation on the skeletal muscle 
fiber type of HFD-fed mice
It has been reported that diet- induced obesity causes the 
decrease in muscle oxidative capacity and the slow- to- fast 
shift of rodent skeletal muscle fiber that is thought to be 
related to muscle insulin resistance.26 27

Mean intensity of microscopic NADH- TR staining 
images in the gastrocnemius was significantly lower in 
mac- p27Tg mice than in WT controls, indicating that 
the oxidative capacity of skeletal muscle, which was 
decreased by HFD feeding, remained higher through 
macrophage proliferation inhibition (figure 4A). Immu-
nofluorescence staining revealed that the slow muscle 
fiber reduction caused by HFD feeding was significantly 
prevented in mac- p27Tg mice (figure 4B,C). These find-
ings suggested that macrophage- specific proliferation 
inhibition prevented the slow- to- fast shift in muscle fiber 
caused by HFD feeding. The gastrocnemius TG content 
was significantly lower in HFD- fed mac- p27Tg mice than 
in HFD- fed WT controls (figure 4D). The mRNA expres-
sions of macrophage markers, inflammatory cytokine/
chemokines, and NADPH oxidase components were 
significantly lower in gastrocnemius from HFD- fed mac- 
p27Tg mice than in the HFD- fed WT controls. In contrast, 
M2 macrophage markers and anti- inflammatory cytokine 
expression were significantly higher in mac- p27Tg mice 
(figure 4E).

These findings suggested that macrophage prolifera-
tion inhibition resulted in improved insulin sensitivity in 
skeletal muscle through the prevention of the slow- to- fast 
muscle fiber shift, reduced fat contents, and the amelio-
ration of inflammation and oxidative stress.

Impact of macrophage proliferation on systemic inflammation 
and oxidative stress
It is well accepted that TNF-α and FFA, which are 
secreted from inflamed adipose tissue, play crucial roles 
in promoting systemic insulin resistance.5 28 29

Serum TNF-α and FFA levels were significantly lower 
in HFD- fed mac- p27Tg mice than WT controls, whereas 
there was no difference in serum adiponectin level 
between the two groups (figure 5A–C). In addition to 
adipokines, we also assessed TBARS serum levels, which 
reflect systemic oxidative stress. The elevation of serum 
TBARS level by HFD feeding, consistent with a previous 
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Figure 3 Macrophage- specific proliferation inhibition prevents histological changes and inflammatory response in the liver 
of HFD- feeding mice. (A) Representative H&E staining of liver tissue. Scale bars, 100 µm. (B) Representative immunostaining 
of liver tissue with anti- Iba-1 antibodies (left panel). The quantification area of Iba-1- positive/total area (right panel) (n=6–8 per 
group). Scale bars, 100 µm. (C) Relative mRNA expression of F4/80 and CD68 (n=10 per group) in liver samples from HFD- 
fed mice. (D) Macrophage proliferation rate by cell- cycle analysis of liver macrophages determined by DAPI (4,6- diamidino-
2- phenylindole) staining (n=6–8 per group). (E) The TG content in liver samples from HFD- fed mice (n=8 per group). (F) 
Representative azan staining of liver samples. (G) The quantification area of azan- positive/total area (n=6 per group). (H) 
Relative mRNA expression of collagen IaI, αSMA, and TIMP-1 (n=6 per group) in liver samples from HFD- fed mice. (I) Relative 
mRNA expression of CD11c, iNOS, CD206, CD204, and Arg-1 in liver samples from HFD- fed mice (n=10 per group). (J) The M1 
(CD11c+):M2 (CD206+) ratio of liver macrophages by flow cytometry analysis (n=8 per group). (K) Relative mRNA expression 
of IL-6, IL-1β, TNF-α, MCP-1, IL-10, and TGF-β in liver samples from HFD- fed mice (n=10 per group). (L) TBARS levels in liver 
samples (n=8 per group). (M) Relative mRNA expression of p22phox, p47phox, and p67phox in liver samples from HFD- fed mice 
(n=10 per group). (N) Relative mRNA expression of G6pase and PEPCK (phosphoenolpyruvate carboxykinase) in liver samples 
from HFD- fed mice (n=10 per group). (O) G6Pase activity in liver samples from HFD- fed mice (n=8 per group). (P) PEPCK 
activity in liver samples from HFD- fed mice (n=8 per group). Error bars represent the SE of the mean. *P<0.05. HFD, high- 
fat diet; IL, interleukin; MCP-1, monocyte chemoattractant protein-1; NC, normal chow; TBARS, thiobarbituric acid- reactive 
substances; Tg, mac- p27Tg; TG, triglyceride; TGF-β, tumor growth factor beta; TNF-α, tumor necrosis factor alpha; WT, wild 
type.
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Figure 4 Macrophage- specific proliferation inhibition prevents histological changes and inflammation in the gastrocnemius of 
HFD- fed mice. (A) Representative NADH- TR staining of the gastrocnemius (left panel). The mean intensity of microscope image 
(right panel) (n=6 per group). (B) Representative immunofluorescence staining of the gastrocnemius sections with antilaminin 
(green) and antimyosin (slow) (blue) antibodies. (C) The number of myosin (slow)- positive muscles fibers/mm2 (n=4–6 per 
group). (D) The TG content in gastrocnemius samples (n=8 per group). (E) Relative mRNA expression of F4/80, CD68, CD11c, 
iNOS, CD206, CD204, Arg-1, IL-6, IL-1β, TNF-α, MCP-1, TGF-β, p22phox, p47phox, and p67phox in gastrocnemius (n=7–8 per 
group). Error bars represent the SE of the mean. *P<0.05. HFD, high- fat diet; IL, interleukin; MCP-1, monocyte chemoattractant 
protein-1; NADH- TR, nicotinamide adenine dinucleotide–tetrazolium reductase; NC, normal chow; Tg, mac- p27Tg; TG, 
triglyceride; TGF-β, tumor growth factor beta; TNF-α, tumor necrosis factor alpha; WT, wild type.
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report,30 was significantly suppressed by macrophage 
proliferation inhibition (figure 5D).

These findings suggested that inhibited macrophage 
proliferation improved not only peripheral but also 
systemic insulin sensitivity through the reduction of 
TNF-α, FFA, and systemic oxidative stress.

DISCUSSION
Macrophage infiltration into adipose tissue is one of 
the key contributors to local inflammation, resulting in 
obesity- related insulin resistance.31–33 Increased macro-
phage numbers in insulin- sensitive tissues in response to 
dietary- induced obesity and insulin resistance have been 
reported in human and experimental animals, including 
Lepob/ob and HFD- fed mice.2 6 18 23 Although proliferating 
macrophages are detected in adipose tissue following 
HFD feeding, the pathophysiological significance of 
tissue macrophage proliferation has not been clearly 
demonstrated.

To verify the roles of macrophages in promoting 
insulin resistance in obese adipose or liver tissues, several 
experimental approaches intending to control macro-
phage numbers in the tissues have been used. MCP-1 
(CCL2) knockout mice show that a markedly reduced 
number of adipose tissue macrophages, including prolif-
erating macrophages, result in an altered state of adipose 

tissue inflammation and amelioration of total insulin 
resistance.3 20 Eliminating macrophages from the liver by 
chlodronate injection clearly reduces hepatic lipid accu-
mulation and insulin resistance in diet- induced obesity 
model mice.9 These reports show that macrophages play 
a central role in promoting chronic inflammation in 
adipose and liver tissues and that reducing the number 
of macrophages effectively improves systemic insulin 
sensitivity. However, these genetic or pharmacological 
approaches reduced macrophage numbers to non- 
physiological levels and therefore might negatively affect 
the physiological immune functions of macrophages in 
tissues. Controversial results on glucose metabolism by 
reducing tissue macrophages have also been reported 
in MCP-1 knockout mice.18 20 The extent of macrophage 
proliferation that is primarily involved in the inflamma-
tion of these tissues remains unresolved.

In atherosclerotic plaque, which is a major local chronic 
inflammatory lesion, macrophage number is deter-
mined by the balance between monocyte recruitment 
and macrophage proliferation on one hand and macro-
phage death and egress from the lesion on the other.34 
In progressed atherosclerosis plaque, macrophage turn-
over depends on local proliferation of macrophages in 
lesions by up to 87% and on monocyte recruitment only 
to a minor extent. We previously generated transgenic 

Figure 5 Macrophage proliferation inhibition improves whole- body inflammation and oxidative stress. (A) TNF-α levels in 
serum from HFD- fed mice (n=5 per group). (B) Adiponectin levels in serum from HFD- fed mice (n=8 per group). (C) FFA levels 
in serum from HFD- fed mice (n=7 per group). (D) TBARS levels in serum compared between groups (n=8–10 per group). Error 
bars represent the SE of the mean. *P<0.05. FFA, free fatty acid; HFD, high- fat diet; NC, normal chow; TBARS, thiobarbituric 
acid- reactive substances; Tg, mac- p27Tg; TNF-α, tumor necrosis factor alpha; WT, wild type.
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mice selectively expressing human p27kip in macro-
phages and reported that macrophage proliferation 
suppression blocks atherosclerosis progression in ApoE 
knockout mice.22 These results provide direct evidence 
of the involvement of local macrophage proliferation in 
chronic tissue inflammation.

Macrophage proliferation inhibition in insulin resis-
tance and obesity model mice induced by high fat 
loading resulted in a marked amelioration of histolog-
ical changes, including adipocyte enlargement and CSL 
formation in the adipose tissue, steatosis and fibrosis in 
the liver, and a slow- to- fast shift in muscle fiber, all of 
which are also related to improved insulin sensitivity in 
these tissues. Inhibition of macrophage proliferation also 
showed improvement of the tissue functions impaired 
by HFD loading, such as increased FFA secretion from 
adipocytes, increased gluconeogenesis in hepatocytes, 
and impaired mitochondrial function in skeletal muscles. 
All of these results suggest that the reduction of macro-
phage numbers in stroma improves insulin sensitivity not 
only by reducing tissue inflammation but also by amelio-
rating functions in the parenchyma in insulin sensitive 
tissues. In addition to these changes in each tissue, the 
significant decrease in inflammatory molecules mainly 
secreted from adipose tissue, such as serum TNF-α and 
FFA, suggested that the reduction of macrophage number 
in the adipose tissue contributed to improved insulin 
sensitivity in liver and skeletal muscles. However, the 
serum adiponectin level unexpectedly did not increase as 
a result of inhibited macrophage proliferation, possibly 
because the HFD feeding period was not long enough 
to induce serum adiponectin reduction or the impact of 
macrophage proliferation inhibition was not enough to 
make a difference in epi- WAT weight and thereby failed 
to increase adiponectin secretion. Decreased TNF-α and 
FFA serum levels may also impact reduced lipid accumu-
lation in liver and skeletal muscle and improved insulin 
sensitivity of these tissues. MCP-1 has been reported as 
one of the factors which promote macrophage prolif-
eration in adipose tissue of obese mice. Many other 
factors, such as oxidized low- density lipoprotein,35 IL-4,14 
GM- CSF, and M- CSF36 have been reported to promote 
macrophage proliferation in relating to atherosclerosis 
or different inflammatory conditions. However, other 
possible candidates that promote obesity- induced macro-
phage proliferation have not been demonstrated.

Our results also demonstrated that the control of 
local macrophage numbers could be a novel therapeutic 
target for insulin resistance. However, in terms of the 
clinical utility of this concept, further research and tech-
nical development in the selective delivery of agents to 
tissue macrophages and in selectively targeted inhibition 
of macrophage growth are required. The investigation of 
macrophage growth factor is another important aspect to 
establish the therapeutic strategy.

In conclusion, by using our previously created 
macrophage- specific human p27kip transgenic mice, we 
demonstrated that selective inhibition of macrophage 

proliferation resulted in a systemic amelioration of insulin 
resistance, along with a reduction of local inflammation 
and oxidative stress in adipose tissue, liver, and skeletal 
muscles. Therefore, the inhibition of local macrophage 
proliferation could be a therapeutic target for type 2 
diabetes based on insulin resistance.
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