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Abstract

Adipose tissue inflammation is a major cause of the pathogenesis of obesity and comorbidi-

ties. To study the involvement of M1/M2 cytokine expression of adipose tissue in the regula-

tory mechanisms of dipeptidyl peptidase 4 (DPP4) and insulin resistance in diabetes,

stromal vascular fractions (SVFs) were purified from inguinal adipose tissue of diabetic

(Leprdb/db) and non-diabetic (Lepr+/+) mice followed by analysis of M1/M2 cytokine expres-

sion. SVFs of Leprdb/db mice exhibited increased TNF-α, IL-6, IL-1β, CCL2, and DPP4

mRNA expression but decreased IL-10 mRNA expression. Plasma from Leprdb/db mice

induced TNF-α, IL-6, IL-1β, CCL2, and DPP4 mRNA expression and plasma from Lepr+/+

mice induced IL-10 mRNA expression in SVFs from Leprdb/db mice. Injection of Lepr+/+

plasma into the adipose tissue of Leprdb/db mice decreased mRNA expression of TNF-α,

IL-6, IL-1β, CCL2, and DPP4 and protein expression of pJNK and DPP4 in SVFs, reduced

mRNA expression of ICAM, FMO3, IL-1β, iNOS, TNF-α, IL-6, and DPP4 and protein expres-

sion of ICAM, FMO3, and DPP4 in liver, and suppressed mRNA expression of TNF-α, IL-6,

IL-1β, and DPP4 in Kupffer cells. Plasma from Leprdb/db mice did not induce M1 cytokine

expression in SVFs from Leprdb/db-Jnk1-/- mice. Altogether, we demonstrate that diabetes

induces M1 but decreases M2 cytokine expression in adipose tissue. Diabetic plasma-

induced M1 expression is potentially through pJNK signaling pathways. Non-diabetic

plasma reverses M1/M2 cytokine expression, plasma CCL2 levels, DPP4 activity, and Kupf-

fer cell activation in diabetes. Our results suggest M1/M2 cytokine expression in adipose tis-

sue is critical in diabetes-induced DPP4 activity, liver inflammation, and insulin resistance.

Introduction

Dysregulation of M1/M2 polarization in adipose tissue is one of the major mechanisms under-

lying the pathogenesis of obesity and comorbidities, such as insulin resistance and
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nonalcoholic fatty liver disease [1]. In cases of obesity, adipose tissue macrophages change

from the anti-inflammatory M2 phenotype to the pro-inflammatory M1 phenotype. These M1

macrophages produce inflammatory cytokines, such as TNF-α, IL-6, and IL-1β, that inhibit

the ability of adipocytes to respond to insulin. M1 macrophages secrete cytokines, such as

TNF-α and IL-6, to activate inflammatory pathways in insulin target cells, resulting in the acti-

vation of Jun N-terminal kinase (JNK) and inhibition of κB kinase β [1]. M2 adipose tissue

macrophages, which are the major resident macrophages in lean adipose tissue, are character-

ized by high expression of IL-10 and CD206 [2]. The depletion of M1 macrophages normalizes

sensitivity to insulin in obese mice, whereas the reduction of M2 macrophage numbers predis-

poses lean subjects to insulin resistance [2]. Indeed, studies show there is a close correlation

between adipose tissue inflammation and metabolic diseases in obese humans [3,4]. Chronic

inflammation is one of the major causes of vascular and kidney complications in patients with

diabetes [5]. The inflammatory response could be stimulated by various mechanisms, includ-

ing hyperglycemia-induced cell death, which increases the aggregation of macrophages in the

kidney [6]. Blocking systemic or adipose tissue macrophage inflammation has been shown to

improve insulin sensitivity in obese mice [7]. However, the regulatory mechanisms of M1/M2

polarization in adipose tissue under chronic inflammation and related complications in diabe-

tes have not been well characterized.

Dipeptidyl peptidase 4 (DPP4) is a complex enzyme that is present on the surface of many

cell types, including kidney, liver, pancreas, and fat cells, and also present as a soluble form in

the circulation [8]. DPP4, a serine protease, cleaves the penultimate L-proline or L-alanine

found at the N-terminal of several polypeptides, such as glucagon-like peptide 1 (GLP-1), glu-

cose-dependent insulinotropic polypeptide (GIP), neuropeptides, and chemokines [9]. These

peptides are rapidly degraded and inactivated by DPP4. In addition, DPP4 has been shown to

exert a direct pro-inflammatory role in different cell types, including lymphocytes, macro-

phages, and smooth muscle cells [10,11]. Hematopoietic cells have been found to be a major

source of circulating soluble DPP-4 (sDPP4). Moreover, activation of mouse and human T

lymphocytes induced sDPP4 [12]. Previously, a study showed that plasma DPP4 levels and

DPP4 mRNA expression in tissues increased progressively during the development of strepto-

zotocin-induced type 1 diabetes [13]. Moreover, DPP4 expression in inflammatory cells such

as dendritic cells and macrophages may have a significant role in modulating the adipose tissue

inflammation in obesity through its nonenzymatic function [14]. Recently, a study reported

that the circulating levels of endogenous soluble DPP4 were dissociated from the extent of sys-

temic and white adipose tissue inflammation [15]. The study demonstrated that knockdown of

adipocyte DPP4 expression decreased plasma DPP4 activity in older mice but did not change

incretin levels or glucose homeostasis. In addition, the study found that the genetic disruption

of hepatocyte DPP4 resulted in abrogation of obesity-associated increase of plasma DPP4

activity, repression of liver cytokine expression, and partly amelioration of inflammation in

adipose tissue, however the incretin levels and glucose homeostasis were not affected [15].

These observations revealed complex biological processes in the regulation of soluble and

enzymatic DPP4 as well as in the control of inflammation and glucose homeostasis.

In this study, we examined the involvement of adipose tissue M1/M2 cytokine expression

in plasma DPP4 activity, systemic inflammation, and insulin resistance in a diabetic mouse

model. We hypothesize that diabetes induces M1 but decreases M2 cytokine expression in adi-

pose tissue. Increased M1 expression induces DPP4 activity in plasma and upregulates inflam-

matory mediators in liver that subsequently lead to systemic inflammation and insulin

resistance in diabetes. Based on that, we first determined the changes of M1/M2 cytokine

expression in adipose tissue of diabetic and non-diabetic mice. Furthermore, we explored

whether diabetic plasma increases M1 expression and non-diabetic plasma decreases M1
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expression in SVFs from adipose tissue of diabetes. Finally, we examined whether the injection

of non-diabetic plasma reverses M1 cytokine expression, plasma DPP4 activity and CCL2 lev-

els, systemic inflammation, and glucose intolerance in diabetes. Our findings provide a new

insight that the inhibition of M1 cytokine expression in adipose tissue may represent a novel

therapeutic approach for attenuating DPP4 activity, systemic inflammation, and insulin resis-

tance in diabetic patients. Our findings provide a new insight that the inhibition of M1 cyto-

kine expression in adipose tissue with non-diabetic plasma may represent a novel therapeutic

approach for attenuating DPP4 activity, systemic inflammation, and insulin resistance in dia-

betic patients.

Materials and methods

Animals and treatments

Leprdb/+ mice on the C57BL/6J genetic background were purchased from the Jackson Labora-

tory (Bar Harbor, ME). Leprdb/+ mice were bred to obtain diabetic Leprdb/db (total n = 120) and

non-diabetic Lepr+/+ mice (total n = 80). Leprdb/db mice that have a mutation in the gene

encoding the leptin receptor become obese at 3 to 4 weeks of age, and elevated plasma insulin

and blood sugar can be observed in Leprdb/db mice at four to eight weeks of age. Jnk1-/- (c-Jun

N-terminal kinases 1 knockout) mice on the C57BL/6J background were transferred from Dr.

Karin’s laboratory (University of California, San Diego, CA, USA). Jnk1-/- mice were crossbred

with Leprdb/+ mice to obtain Leprdb/+- Jnk1-/- mice, and Leprdb/+-Jnk1-/- mice were then bred to

obtain Leprdb/db-Jnk1-/- mice (total n = 30). All mice had ad libitum access to water and food

and were fed a standard laboratory diet (1324 TPF; Atromin; Large Germany; 11.9 kJ/g, 19%

crude protein, 4% crude fat, 6% crude fiber).

Ethics statement

The Institutional Animal Care and Use Committee (IACUC) of Kaohsiung Veterans General

Hospital has approved this study (Approval Number: 2020-A042), and animal experiments

were performed in agreement with Animal Experimentation Regulations of Kaohsiung Veter-

ans General Hospital. Animals were observed every 12 hours. All efforts were made to reduce

suffering of animals. Personnel conducting mice treatment received training and competency

testing from Kaohsiung Veterans General Hospital. Mice were euthanized with carbon dioxide

when they were found in a moribund state as identified by inability to maintain upright with

or without labored breathing and cyanosis, >15% loss of body weight, inability to obtain food

or water, or unresponsive to normal physical manipulation. Once any animal reached end-

point criteria, the amount of time elapsed before euthanasia was less than 12 hours. No mortal-

ity occurred outside of planned euthanasia or humane endpoints.

Preparation of SVFs

SVFs were prepared from Leprdb/db or Lepr+/+ mice. Vascular adipose tissue was isolated from

bilateral inguinal adipose tissue of diabetic and non-diabetic mice and minced into small

pieces. These tissues were then digested with collagenase 8 (Sigma-Aldrich, Cat# C2139) in

ice-cold HBSS (2 mg/ml) for 15 minutes at 37˚C. After passing through a 100 μm cell strainer,

cells were centrifuged at 1,200 rpm for 10 min, and the cell pellets were retrieved as SVFs.

In vitro treatment of SVFs

For in vitro treatment, 1ml of 10% plasma was added to the equal amount of SVFs (1 × 109

cells/ml), and the mixture was incubated at 37˚C for 4 hr as previously suggested [11]. Samples
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were then centrifuged at 2,500 rpm for 5 min and washed with phosphate buffered saline

(PBS). After centrifugation, the pellets were harvested and subjected to analysis.

In vivo injection of plasma into inguinal adipose tissue

Male Leprdb/db mice were randomly divided into the following three groups: Group I received

1ml PBS injection into adipose tissue over the bilateral inguinal area; Group II received an

injection of 1ml 10% plasma from Leprdb/db mice into adipose tissue over the bilateral inguinal

area; and Group III received an injection of 1ml 10% plasma from Lepr+/+ mice into adipose

tissue over the bilateral inguinal area. Seven days after injection, the animals were euthanized

and liver, adipose tissue, and plasma were harvested for analysis.

RNA isolation and quantitative real-time polymerase chain reaction

(Q-PCR)

Total RNA was purified from mouse samples using total RNA Miniprep Purification Kits

(GeneMark) according to the manufacturer’s instructions. Total RNA was then reverse-transcribed

into cDNA using a RT kit (Invitrogen, Carlsbad, CA, Lot# 2234812). Primer pairs were synthesized

by Integrated DNA Technologies (Coralville, IA). Primer sequences are listed in S1 Table. For

Q-PCR assay, 200 ng of the cDNA template was added to 25 μl of mixture containing 12.5 μl of

2× Fast SYBR Green Master Mix (Applied biosystems, Cat# 4385612), 2.5 μl of sense and anti-

sense primers (25 μM), 2 μl of sample, and 8 μl of sterile water. The amplification was per-

formed in a StepOnePlus™ Real-Time PCR System (Applied Biosystems 7300).

Western immunoblots

The protein expression of DPP4 (GeneTex, Cat# GTX84602), phospho-Akt (Cell signaling,

Cat# 4060), Akt (Cell signaling, Cat# 4691), phospho-p38 (Cell signaling, Cat# 9211), p38 (Cell

signaling, Cat# 9212), FMO3 (Novus, Cat# NBP1-33583), ICAM-1 (Abnova, Cat# E5081) in

the liver as well as JNK (Cell signaling, Cat# 9252) and pJNK (Cell signaling, Cat# 9251) in the

SVFs was detected by antibodies. The harvested tissues were weighed and homogenized in

protein extraction buffer (Sigma), containing proteinase inhibitor cocktail (Roche). The

homogenized samples were subjected to SDS-PAGE at 50 to 100V for 2 hours, and the proteins

were then transferred onto the nitrocellulose membrane. The membranes were blocked with

5% non-fat milk in TBST buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl and 1.2% Tween 20)

for 1 hour and incubated with specific primary antibodies at room temperature for 1 hour.

The membranes were then washed with TBST buffer followed by incubation with the second-

ary antibodies. After washing with TBST buffer, the protein bands were identified by enhanced

chemiluminescence (ECL) detection reagent (Millipore).

Kupffer cell purification

The liver was perfused in situ through the portal vein with Ca2+- and Mg2+-free phosphate-

buffered saline containing 10 mM ethylenediaminetetraacetic acid at 37˚C for 5 minutes. Sub-

sequently, perfusion was performed with HBSS containing 0.1% collagenase IV (Sigma) at

37˚C for 5 minutes. After digestion, the liver was excised and the suspension was filtered. The

sample was centrifuged twice at 50g at 4˚C for 1 minute. The supernatant was harvested and

centrifuged at 300g for 5 minutes, and the pellet was collected and resuspended with buffer.

The cell suspension was then layered on top of a density cushion of 30/60 discontinuous Per-

coll (Pharmacia) and centrifuged at 900g for 15 minutes to obtain the Kupffer cell fraction

[16].
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Plasma DPP4 activity n
Cardiac blood (500 μl) was collected and centrifuged to harvest plasma. Harvested plasma was

stored at -20˚C until assayed. Plasma DPP4 activities were detected by DPP4 assay kit (BioVi-

sion, Milpitas, CA, Cat# K779-100). DPP4 cleaves substrates to release the quenched fluores-

cent group, AMC (7-Amino-4-Methyl Coumarin), which was detected at Ex/Em = 360/460

nm using a fluorescence reader.

Enzyme-linked immunosorbent assay (ELISA)

The mouse ELISA kit (R&D, Minneapolis, MN, Cat# DY479-05) was used for CCL2 assay.

The blood was centrifuged at 1000×g, 4˚C for 15 minutes and the serum was then collected for

use. The ELISA plates were coated with 100 μl capture antibody at 4˚C overnight. After wash,

200 μl of assay dilution buffer were added for blocking at room temperature for 1 hour. The

samples and serial dilutions of standards were added and incubated at 4˚C for overnight. After

incubating with the detection antibody, avidin-HRP was added and incubated at room tem-

perature for 30 minutes. The substrate, 3,30,5,50-tetramethylbenzidine (TMB), was then added

and incubated for 15 minutes. 100 μl of stop solution were added to stop reaction, and the

plate was then subjected to measurement of absorbance at 450 nm by using an ELISA reader.

Intraperitoneal glucose tolerance tests (IPGTTs)

Glucose tolerance was assessed using intraperitoneal glucose tolerance tests (IPGTTs). Mice

were tested in the morning after a 15-hour fasting period. Tail blood glucose was measured

before and at 5, 15, 30, 45, 60, 75, 90, and 120 minutes after intraperitoneal injection of glucose

(2 g/kg body weight; Sigma). Plasma glucose was measured using a glucose meter (Accu-check

performa; Roche, Switzerland).

Statistical analysis

Data were analyzed by unpaired t test for the comparisons between two groups or by one-way

analysis of variance (ANOVA) followed by Tukey’s Multiple comparison test for the compari-

sons between multiple groups. All values in the figures and texts were expressed as

mean ± standard error of the mean, and p values less than 0.05 are considered statistically

significant.

Results

SVFs from Leprdb/db mice exhibit increased M1 expression and SVFs from

Lepr+/+ mice exhibit increased M2 expression

To study M1/M2 polarization in the adipose tissue of diabetes and non-diabetes, we examined

M1/M2 cytokine mRNA expression in SVFs of inguinal adipose tissue from type 2 diabetic

(Leprdb/db) mice and control non-diabetic (Lepr+/+) mice. SVFs from Leprdb/db mice demon-

strated a significant induction of TNF-α, IL-6, IL-1β, CCL2, and DPP4 mRNA expression

compared with those from Lepr+/+ mice. In contrast, SVFs from Leprdb/db mice exhibited a sig-

nificant reduction of IL-10 compared with those from Lepr+/+ mice (Fig 1). Collectively, these

results indicate that diabetes induces M1 but reduces M2 cytokine expression in the adipose

tissue.
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Fig 1. SVFs of adipose tissue from Leprdb/db mice demonstrate an increased M1 but decreased M2 signature

compared with those from Lepr+/+ mice. Inguinal white adipose tissue was harvested from Leprdb/db and Lepr+/+

mice. SVFs were then purified from adipose tissue and subjected to Q-PCR analysis for mRNA expression of TNF-α,

IL-6, IL-1β, IL-10, CCL2, and DPP4. N = 5/group. �p<0.05, ��p<0.01.

https://doi.org/10.1371/journal.pone.0252153.g001
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Diabetic plasma induces M1 expression and non-diabetic plasma induces

M2 expression in SVFs of Leprdb/db mice

To examine the effects of diabetic and non-diabetic plasma on M1/M2 polarization in the adi-

pose tissue of diabetes, SVFs were harvested from the adipose tissue of Leprdb/db mice and

treated with plasma from Leprdb/db or Lepr+/+ mice in vitro. Treatment of Leprdb/db SVFs with

Leprdb/db plasma demonstrated a significant upregulation of TNF-α, IL-6, IL-1β, CCL2, and

DPP4 mRNA expression compared with those treated with PBS (Fig 2). On the contrary, treat-

ment of Leprdb/db SVFs with Lepr+/+ plasma resulted in a significant downregulation of afore-

mentioned inflammatory mediators and upregulation of IL-10 mRNA expression compared

with those treated with Leprdb/db plasma (Fig 2). Altogether, these results demonstrate that dia-

betic plasma induces M1 expression, however non-diabetic plasma induces M2 expression in

the adipose tissue of diabetic mice.

Injection of plasma from Lepr+/+ mice into adipose tissue of Leprdb/db mice

reduces M1 expression in vivo
To further evaluate the effects of diabetic and non-diabetic plasma on M1/M2 polarization of

adipose tissue in diabetic mice, plasma harvested from Leprdb/db and Lepr+/+ mice was injected

into the adipose tissue near bilateral inguinal area in Leprdb/db mice, and SVFs were then iso-

lated from the adipose tissue followed by Q-PCR analysis to determine cytokine expression.

Our results showed that Leprdb/db mice injected with PBS exhibited increased expression of

TNF-α, IL-6, IL-1β, CCL2, and DPP4 mRNA expression in SVFs compared to Lepr+/+ mice

injected with PBS (Fig 3A). Notably, injection of Lepr+/+ plasma significantly induced IL-10

but decreased TNF-α, IL-6, IL-1β, and DPP4 mRNA expression in SVFs of Leprdb/db mice

compared with those injected with Leprdb/db plasma (Fig 3A). Taken altogether, these results

demonstrate that non-diabetic plasma reduces M1 cytokine but increases M2 cytokine expres-

sion in diabetic adipose tissue.

Injection of plasma from Lepr+/+ mice into adipose tissue of Leprdb/db mice

decreases JNK activation and DPP4 protein expression in adipose tissue of

Leprdb/db mice

To investigate the effects of diabetic and non-diabetic plasma on JNK activation and DPP4

expression in the adipose tissue of diabetes, plasma harvested from Leprdb/db and Lepr+/+ mice

was injected into the adipose tissue of Leprdb/db mice, and JNK activation and DPP4 protein

expression in SVFs of adipose tissue were determined. SVFs from Leprdb/db mice displayed

increased JNK activation and DPP4 protein expression compared with those from Lepr+/+

mice (Fig 3B). In contrast, injection of Lepr+/+ plasma mice into the adipose tissue of Leprdb/db

mice significantly decreased JNK activation and DPP4 protein expression in SVFs of Leprdb/db

mice compared with those receiving Leprdb/db plasma. Altogether, these results suggest that

diabetes induces JNK activation and DPP4 protein expression and non-diabetic plasma dimin-

ishes diabetes-induced JNK activation and DPP4 protein expression in the adipose tissue of

diabetes.

Injection of plasma from Lepr+/+ mice into adipose tissue of Leprdb/db mice

decreases inflammatory cytokine expression in the liver of Leprdb/db mice

To further explore the effects of diabetic and non-diabetic plasma on cytokine expression in

the liver of diabetes, plasma harvested from Leprdb/db and Lepr+/+ mice was injected into the

adipose tissue of Leprdb/db mice, and the cytokine expression in the liver of Leprdb/db mice was

PLOS ONE Inhibiting adipose M1 cytokines decreases DPP4 and insulin resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0252153 May 27, 2021 7 / 21

https://doi.org/10.1371/journal.pone.0252153


Fig 2. Diabetic plasma induces M1 expression and non-diabetic plasma induces M2 expression in SVFs from Leprdb/db

mice. Plasma harvested from Leprdb/db or Lepr+/+ mice were diluted with PBS to 10% and added to the equal amount of SVFs

isolated from adipose tissue of Leprdb/db mice followed by in vitro culture at 37˚C. After 4 hours of incubation, cells were then

collected and subjected to Q-PCR analysis for mRNA expression of TNF-α, IL-6, IL-1β, IL-10, CCL2, and DPP4. N = 5/group.
�p<0.05, ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0252153.g002
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Fig 3. Injection of plasma from Lepr+/+ mice into adipose tissue of Leprdb/db mice reduces M1 mRNA expression as well

as pJNK and DPP4 protein expression in adipose tissue of Leprdb/db mice in vivo. Plasma was harvested from Leprdb/db or

Lepr+/+ mice and diluted with PBS to 10%. One ml of 10% plasma was injected into adipose tissue over bilateral inguinal

area of Leprdb/db mice. Leprdb/db and Lepr+/+ mice injected with PBS served as controls. Seven days after injection, animals

were euthanized and adipose tissue was harvested. (A) SVFs were then isolated from adipose tissue and subjected to Q-PCR

analysis to measure mRNA expression of TNFα, IL-6, IL-1β, IL-10, CCL2, DPP4. (B) SVFs were also subjected to western

blots analysis to detect protein expression of phospho-JNK, total JNK, and DPP4. The expression level of phospho-JNK and

DPP4 was also quantified. N = 6/group. �p<0.05; ��p<0.01; ���p<0.001.

https://doi.org/10.1371/journal.pone.0252153.g003
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evaluated. Leprdb/db mice exhibited increased mRNA expression of ICAM, FMO3, IL-1β,

iNOS, TNF-α, IL-6, and DPP4 in the liver compared with Lepr+/+ mice (Fig 4A). Notably,

injection of Lepr+/+ plasma into the adipose tissue of Leprdb/db mice largely decreased mRNA

expression of ICAM, FMO3, IL-1β, iNOS, TNF-α, IL-6, and DPP4 in the liver of Leprdb/db

mice compared with those receiving the injection of Leprdb/db plasma (Fig 4A). Altogether,

these results demonstrate that non-diabetic plasma suppresses the expression of inflammatory

mediators in the liver of diabetic mice.

Injection of plasma from Lepr+/+ mice decreases ICAM, FMO3, and

DPP4 protein expression in the liver of Leprdb/db mice

To elucidate the effects of diabetic and non-diabetic plasma on ICAM, FMO3, and DPP4 pro-

tein expression in the liver of diabetes, plasma from Leprdb/db and Lepr+/+ mice was injected

into the adipose tissue of Leprdb/db mice, and the protein expression of ICAM, DPP4, and

FMO3 in the liver was examined. Leprdb/db mice displayed increased liver ICAM, FMO3, and

DPP4 protein expression compared with Lepr+/+ mice (Fig 4B). Injection of Lepr+/+ plasma

into the adipose tissue significantly decreased ICAM, FMO3, and DPP4 protein expression in

the liver of Leprdb/db mice compared with those receiving Leprdb/db plasma. Collectively, these

results indicate that diabetes induces ICAM, FMO3, and DPP4 expression in the liver, and

non-diabetic plasma injected into the adipose tissue reduces the expression of those proteins

in the liver of diabetic mice.

Injection of plasma from Lepr+/+ mice to adipose tissue of Leprdb/db mice

decreases TNF-α, IL-6, INOS, and DPP4 mRNA expression of Kupffer cells

in Leprdb/db mice

To further examine the effects of diabetic and non-diabetic plasma on inflammatory cytokine

expression in Kupffer cells of diabetes, plasma harvested from Leprdb/db and Lepr+/+ mice was

injected into the adipose tissue of Leprdb/db mice, and Kupffer cells were then isolated from the

liver of Leprdb/db mice and subjected to Q-PCR analysis to determine mRNA expression of

inflammatory cytokines. Kupffer cells isolated from Leprdb/db mice displayed increased mRNA

expression of TNF-α, INOS, DPP4, and IL-6 compared with those isolated from Lepr+/+ mice

(Fig 5). In contrast, Kupffer cells isolated from Leprdb/db mice treated with Lepr+/+ plasma

showed repressed mRNA expression of aforementioned inflammatory mediators compared

with those isolated from Leprdb/db mice treated with Leprdb/db plasma (Fig 5). Altogether, these

results demonstrate that injection of non-diabetic plasma into the adipose tissue is capable of

suppressing inflammatory mediator production in Kupffer cells of diabetic mice.

Leprdb/db mice exhibit increased plasma DPP4 activity, whereas injection of

Lepr+/+ plasma decreases plasma DPP4 levels in Leprdb/db mice

To examine whether there is a difference in plasma DPP4 activity between diabetic and non-

diabetic mice, we measured plasma DPP4 activity in Leprdb/db and Lepr+/+ mice of both sexes.

We observed that Leprdb/db mice exhibited higher plasma DPP4 activity compared with Lepr+/+

mice in both males and females (Fig 6A). We then further determine the effects of diabetic and

non-diabetic plasma on plasma DPP4 activity in diabetes. Plasma harvested from Leprdb/db or

Lepr+/+ mice was injected into the adipose tissue of Leprdb/db mice, and plasma DPP4 activity

was then assessed. Our results showed that injection of Lepr+/+ plasma into the adipose tissue of

Leprdb/db mice resulted in a significant reduction of plasma DPP4 activity in Leprdb/db mice com-

pared with those receiving Leprdb/db plasma (145.5 ± 11.61 vs. 199 ± 7.1 pmol/min/ml×10−3)
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Fig 4. Injection of plasma from Lepr+/+ mice into adipose tissue of Leprdb/db mice decreases inflammatory cytokine

expression as well as ICAM, FMO3, and DPP4 protein expression in the liver of Leprdb/db mice. Plasma harvested from

Leprdb/db or Lepr+/+ mice was diluted with PBS to 10%. One ml of 10% plasma was then injected to adipose tissue of Leprdb/db

mice. Leprdb/db and Lepr+/+ mice were injected with PBS to serve as controls. Seven days after injection, animals were
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(Fig 6B). Collectively, these results demonstrate that Leprdb/db mice exhibit increased plasma

DPP4 activity, and non-diabetic plasma is capable of repressing plasma DPP4 activity in

Leprdb/db mice.

Injection of plasma from Lepr+/+ mice into adipose tissue of Leprdb/db mice

decreases plasma CCL2 levels in Leprdb/db mice

To identify the effects of diabetic and non-diabetic plasma on plasma CCL2 levels in diabetes,

we harvested plasma from Leprdb/db and Lepr+/+ mice, and injected them into adipose tissue of

Leprdb/db mice. Plasma CCL2 levels were then measured. Our results showed that plasma

CCL2 levels were significantly higher in Leprdb/db mice compared to Lepr+/+ mice (53.05 ± 1.74

vs. 7.4 ± 1.26 pg/ml) (Fig 6C). On the contrary, injection of Lepr+/+ plasma into the adipose tis-

sue of Leprdb/db mice significantly decreased plasma CCL2 levels in Leprdb/db mice when com-

pared to those injected with Leprdb/db plasma (16.07 ± 2.36 vs. 39.47 ± 6.6 pg/ml) (Fig 6C).

euthanized, and livers were then harvested and subjected to (A) Q-PCR analysis for ICAM, FMO3, IL-1β, iNOS, TNFα, IL-

6, and DPP4 mRNA expression or (B) western blot analysis for ICAM, DPP4, and FMO3 protein expression. The expression

level of ICAM, DPP4, and FMO3 was also quantified. N = 6/group. �p<0.05; ��p<0.01; ���p<0.001.

https://doi.org/10.1371/journal.pone.0252153.g004

Fig 5. Injection of plasma from Lepr+/+ mice into adipose tissue of Leprdb/db mice decreases TNF-α, IL-6, iNOS, and

DPP4 mRNA expression in Kupffer cells of Leprdb/db mice. Plasma harvested from Leprdb/db or Lepr+/+ mice was diluted

with PBS to 10%, and one ml of 10% plasma was injected into adipose tissue of Leprdb/db mice. Leprdb/db and Lepr+/+ mice

were also injected with PBS to serve as controls. Seven days after injection, animals were euthanized and livers were

harvested. Kupffer cells were then isolated from livers and subjected to Q-PCR analysis for mRNA expression of TNFα,

iNOS, DPP4, and IL-6. N = 6/group. �p<0.05; ��p<0.01; ���p<0.001.

https://doi.org/10.1371/journal.pone.0252153.g005
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Fig 6. Diabetic Leprdb/db mice demonstrate increased plasma DPP4 activity and injection of Lepr+/+ plasma

decreases plasma DPP4 activity and CCL2 levels in Leprdb/db mice. (A) Cardiac blood was collected from male and

female Leprdb/db and Lepr+/+ mice followed by plasma extraction, and plasma DPP4 activity was then detected by DPP4
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Altogether, these results suggest that diabetes increases plasma CCL2 levels, and non-diabetic

plasma possesses a suppressive effect on plasma CCL2 levels in diabetes.

Injection of plasma from Lepr+/+ mice increases Akt activation in Leprdb/db

mice following insulin administration

To investigate whether non-diabetic plasma affects insulin resistance in diabetes, Leprdb/db

mice were subjected to Lepr+/+ plasma injection, and Lepr+/+, Leprdb/db, and Lepr+/+ plasma-

injected Leprdb/db mice were administered with or without insulin to determine the level of Akt

phosphorylation in the liver. Akt phosphorylation was only observed in the liver of Lepr+/+

mice but not Leprdb/db mice following insulin administration, indicating that Leprdb/db mice

did not respond to insulin treatment (Fig 7A and 7B). However, Akt phosphorylation was able

to be observed in the liver of Leprdb/db mice injected with Lepr+/+ plasma following insulin

administration (Fig 7A and 7B), suggesting that Lepr+/+ plasma promotes insulin response in

Leprdb/db mice. In addition, Leprdb/db mice exhibited increased DPP4 expression in the liver

compared to Lepr+/+ mice, and the injection of Lepr+/+ plasma was able to suppress DPP4

expression in the liver of Leprdb/db mice. Collectively, these results indicate that diabetes

induces DPP4 expression and suppress insulin-induced Akt activation in the liver, and the

injection of non-diabetic plasma into the adipose tissue of diabetic animals reverses those

effects.

Injection of plasma from Lepr+/+ mice reverses glucose intolerance in

Leprdb/db mice

To further examine the effect of injection of Lepr+/+ plasma on diabetes-induced glucose intol-

erance, we performed glucose tolerance test in Lepr+/+, Leprdb/db, and Lepr+/+ plasma-injected

Leprdb/db mice. After fasting, Lepr+/+ mice showed an increased blood glucose level after glu-

cose administration, however, the blood glucose level returned to the normal level at 2 hours

post administration. In contrast, Leprdb/db mice maintained a high blood glucose level even at

2 hours after glucose administration. Notably, Lepr+/+ plasma-treated Leprdb/db mice, unlike

Leprdb/db mice, exhibited a reduced blood glucose level post glucose administration (Fig 7C).

Altogether, these results demonstrate that diabetes induces glucose intolerance, however non-

diabetic plasma ameliorates impaired glucose tolerance in diabetic mice.

Diabetic plasma induces M1 expression in adipose tissue from Leprdb/db

mice but not in adipose tissue from Leprdb/db-Jnk1-/- mice

To examine whether JNK activation plays an essential role in adipose tissue M1 expression in

diabetes, SVFs harvested from adipose tissue of Leprdb/db and Leprdb/db-Jnk1-/- mice were

treated with PBS or Leprdb/db plasma in vitro. Leprdb/db SVFs treated with Leprdb/db plasma

demonstrated increased mRNA expression of TNF-α, IL-6, IL-1β, CCL2, and DPP4 compared

with Leprdb/db SVFs treated with PBS (Fig 8). In contrast, Leprdb/db-Jnk1-/- SVFs treated with

Leprdb/db plasma did not exhibit increased mRNA expression of aforementioned inflammatory

mediators compared with Leprdb/db-Jnk1-/- SVFs treated with PBS (Fig 8). Altogether, these

results suggest that JNK activation may play an essential role in promoting adipose tissue M1

polarization in diabetic mice.

assay kit. (B and C) Leprdb/db mice were injected with 1ml of 10% plasma harvested from Leprdb/db or Lepr+/+ mice.

Leprdb/db and Lepr+/+ mice were also injected with PBS to serve as controls. After seven days, animals were euthanized

and plasma was harvested to detect DPP4 activity and CCL2 level. N = 5/group. �p<0.05; ��p<0.01; ���p<0.001.

https://doi.org/10.1371/journal.pone.0252153.g006

PLOS ONE Inhibiting adipose M1 cytokines decreases DPP4 and insulin resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0252153 May 27, 2021 14 / 21

https://doi.org/10.1371/journal.pone.0252153.g006
https://doi.org/10.1371/journal.pone.0252153


Fig 7. Leprdb/db mice injected Lepr+/+ plasma exhibit increased insulin-induced Akt phosphorylation and

decreased glucose intolerance. (A and B) Lepr+/+, Leprdb/db, and Lepr+/+ plasma-injected Leprdb/db mice were

administered with or without insulin (1.25 IU/kg body weight). After seven days, animals were euthanized, and livers

were harvested and subjected to (A) western blot analysis for DPP4, phosphor-Akt, total Akt, phosphor-p38, and total

p38 expression. (B) the relative intensity of p-Akt/Akt was quantified. N = 4/group. �p<0.05. (C) After 15h fasting,

Lepr+/+, Leprdb/db, and Lepr+/+ plasma-injected Leprdb/db mice were administered with glucose (1 g/kg body weight).
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The blood glucose level was measured before and every 15 minutes up to 2 hours after glucose administration by using

a glucose meter. N = 4/group. ��p<0.01; ���p<0.001.

https://doi.org/10.1371/journal.pone.0252153.g007

Fig 8. Diabetic plasma induces M1 expression in adipose tissue from Leprdb/db mice but not in adipose tissue from

Leprdb/db-Jnk1-/- mice. SVFs were harvested from adipose tissue of Leprdb/db and Leprdb/db-Jnk1-/- mice. Leprdb/db and

Leprdb/db-Jnk1-/- SVFs were then treated with PBS or 10% Leprdb/db plasma in vitro. Four hours after incubation at

37˚C, cells were collected and subjected to Q-PCR analysis for mRNA expression of TNF-α, IL-6, IL-1β, CCL2, and

DPP4. N = 5/group. �p<0.05; ��p<0.01; ���p<0.001.

https://doi.org/10.1371/journal.pone.0252153.g008
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Discussion

Adipose tissue dysfunction is characterized by low-grade chronic inflammation in diabetes,

metabolic disorders and insulin resistance [17]. Chronic inflammation is one of the major

causes for vascular and kidney complications in patients with diabetes. In this study, we dem-

onstrated that M1/M2 cytokine expression in adipose tissue may play an important role in

diabetes-induced systemic inflammation and importantly, the reversal of diabetes-induced

M1/M2 cytokine expression in the adipose tissue my represent a novel therapeutic strategy for

attenuating chronic inflammation-induced systemic complications in diabetes.

M1 macrophages secrete cytokines to activate inflammatory pathways in insulin-target

cells, which results in the activation of JNK, κB kinase β inhibitors, and other serine kinases

[1]. Our data demonstrated that SVFs from adipose tissue of Leprdb/db mice exhibited

enhanced JNK activation compared with those from Lepr+/+ mice and injection of plasma

from Lepr+/+ mice into adipose tissue of Leprdb/db mice suppressed JNK activation compared

with those injected with plasma from Leprdb/db mice. Importantly, plasma from Leprdb/db mice

induced TNF-α, IL-6, IL-1β, CCL2, and DPP4 mRNA expression in SVFs from Leprdb/db mice

but not in SVFs from Leprdb/db-Jnk1-/- mice. These results suggest that M1 cytokines activate

JNK pathway to promote inflammatory cytokine production and injection of non-diabetic

plasma may suppress JNK activation and inflammatory cytokine production in the adipose tis-

sue of diabetes.

DPP4 activity is associated with the onset and severity of obesity and diabetes [13]. The lev-

els of plasma DPP4 activity are elevated in diseases, including type 2 diabetes mellitus (T2DM)

[18], obesity [18], and atherosclerosis [19]. Recently, the circulating levels of endogenous solu-

ble DPP4 were found to be dissociated from the extent of systemic and white adipose tissue

inflammation [15]. However, we found that diabetes-induced plasma DPP4 activity and DPP4

expression in tissues were closely related with diabetes-induced systemic inflammation and

glucose intolerance. First, both female and male Leprdb/db mice demonstrated increased plasma

DPP4 activity compared with their corresponding Lepr+/+ mice. Second, Leprdb/db mice exhib-

ited increased DPP4 mRNA expression in adipose tissue and liver compared with Lepr+/+

mice. Third, in vitro treatment of Leprdb/db SVFs with diabetic plasma significantly induced

DPP4 mRNA expression compared with those treated with non-diabetic plasma. However,

injection of non-diabetic plasma to adipose tissue of diabetic mice resulted in decreased

plasma DPP4 activity and repressed DPP4 expression in adipose tissue and liver in diabetic

mice compared to those injected with diabetic plasma. Importantly, injection of non-diabetic

plasma into the adipose tissue of diabetic mice attenuated glucose intolerance and insulin

resistance in diabetic mice. Altogether, our results demonstrate that diabetes induces adipose

tissue and liver DPP4 expression as well as plasma DPP4 activity. In addition, our findings fur-

ther reveal that the reversal of DPP4 expression in adipose tissue with non-diabetic plasma not

only decreases plasma DPP4 activity and liver DPP4 expression but also ameliorates glucose

intolerance and insulin resistance in diabetes. Thus our findings suggest that the inhibition of

diabetes-induced DPP4 activity could be a plausible therapeutic strategy to reestablish glucose

homeostasis in diabetes.

The increased secretions of multiple proinflammatory cytokines and chemokines [20], such

as IL-6, TNF-α, IL-1β, and monocyte chemoattractant protein-1 (MCP-1) in adipose tissue are

involved in insulin resistance [21]. Ghorpade et al. demonstrated that 10% (vol/vol) plasma

from diet-induced obesity mice (DIO) induced higher expression of both MCP1 and IL-6

mRNA expression than 10% plasma from lean mice in SVFs from DIO mice [11]. Further-

more, administration of adipose tissue macrophages from lean mice to obese recipients has

been proved to improve glucose tolerance and insulin sensitivity in obese mice through the
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secretion of miRNA-containing exosomes [22]. Our data demonstrated that 10% diabetic

plasma induced M1 expression, however 10% non-diabetic plasma induced M2 expression in

SVFs from diabetic mice. Moreover, injection of non-diabetic plasma reduces M1 cytokine

but increases M2 cytokine expression in diabetic adipose tissue. Our data demonstrated that

the injection of non-diabetic plasma could be a promising therapeutic strategy to reverse dia-

betes-induced systemic inflammation and insulin resistance through inhibiting inflammatory

cytokines. First, in vitro treatment of Leprdb/db SVFs with Lepr+/+ plasma decreased TNF-α, IL-

6, IL-1β, CCL2, and DPP4 but increased IL-10 mRNA expression. Second, injection of non-

diabetic plasma into adipose tissue of Leprdb/db mice decreased TNF-α, IL-6, IL-1β, CCL2, and

DPP4 mRNA expression as well as pJNK and DPP4 protein expression while increasing IL-10

mRNA expression in adipose tissue of diabetic mice.

Third, injection of non-diabetic plasma decreased ICAM, FMO3, IL-1β, iNOS, TNF-α, and

IL-6 mRNA expression and ICAM and FMO3 protein expression in liver, and suppressed

TNF-α, iNOS, and DPP4 mRNA expression in Kupffer cells in diabetic animals. Previously,

we have demonstrated that diabetes increases intestinal iNOS expression, NO levels in the

portal vein, IL-1β and TNF-α expression of Kupffer cells in the liver. iNOS inhibition by

L-NAME reduces NO levels in the portal vein, IL-1β and TNF-α expression of Kupffer cells in

the liver [23]. Here, we demonstrated that injection of Lepr+/+ plasma into the adipose tissue of

Leprdb/db mice decreased mRNA expression of proinflammatory cytokines and DPP4 in Kupf-

fer cells of diabetic mice. Finally, injection of non-diabetic plasma decreased plasma DPP4

activity and CCL2 levels, and ameliorated insulin resistance. Taken altogether, these results

suggest that non-diabetic plasma injection into diabetic adipose tissue could be used to reverse

diabetes-induced systemic inflammation and insulin resistance through the reversal of M1/M2

cytokine expression.

M2 macrophages are thought to facilitate adipose tissue homeostasis and protect against

insulin resistance. M2 polarization of adipose tissue macrophages can be promoted by Th2

cytokine stimulation, such as IL-4 and IL-13. IL-6, a classical proinflammatory cytokine

induced during different kinds of inflammation was shown to provoke M2 polarization of adi-

pose tissue [24]. Furthermore, studies also identify multiple adipose tissue-specific mediators

of M2 polarization, including transcription factors, adipokines, fatty acids, and other immune

cells [25]. Nevertheless, studies have suggested that the M1/M2 paradigm is an oversimplifica-

tion of the macrophage biology observed in vivo [26]. Thus, the term “metabolic activation”

has been suggested by Kratz et al. [26], which is characterized by an increased machinery of

lipid catabolism in adipose tissue macrophages. Our data suggest that non-diabetic plasma

injection into adipose tissue could be used to reverse diabetes-induced systemic inflammation

and insulin resistance through the reversal of M1/M2 cytokine expression. We have examined

different pro-inflammatory cytokine levels in the plasma injected mice. Although injection of

Lepr+/+ plasma into the adipose tissue of Leprdb/db mice did not change plasma levels of TNF-α
and IL-6 compared with those injected with Leprdb/db plasma, injection of Lepr+/+ plasma sig-

nificantly decreased plasma levels of CCL2 in diabetic mice compared with those injected with

Leprdb/db plasma. On the other hand, treatment of Leprdb/db plasma induced upregulation of

inflammatory mediators, TNF-α, IL-6, IL-1β, CCL2, and DPP4, in Leprdb/db SVFs. However,

that effect was not observed in Leprdb/db-Jnk1-/- SVFs treated with Leprdb/db plasma. Thus, we

speculate that diabetic plasma induces JNK activation to promote M1 polarization of adipose

tissue in diabetes. Whether non-diabetic plasma regulates JNK activation to promote M2

polarization in diabetic adipose tissue would require further investigations.

Our study had several limitations. We used a single injection and found out that the single

injection of non-diabetic plasma could reverse M1/M2 cytokine expression, DPP4 activity,

inflammatory cytokine expression of liver, and Kupffer cell activation in diabetes. Future
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studies using multiple injections may have more prominent effect. We did not examine

M1/M2 cytokine production in peritoneal macrophages. Also, our data suggest that injection

of non-diabetic plasma into adipose tissue could be used to reverse diabetes-induced systemic

inflammation and insulin resistance through the reversal of M1/M2 cytokine expression.

Whether non-diabetic plasma regulates JNK activation to promote M2 polarization in diabetic

adipose tissue would require further investigations.

In summary, we demonstrate the involvement of M1/M2 cytokine expression in diabetes-

induced DPP4 activity, insulin resistance, and systemic inflammation (Fig 9). Diabetes induces

M1 cytokine expression and decreases M2 cytokine expression in diabetic adipose tissue.

Increased adipose tissue M1 expression induces JNK activation, plasma DPP4 activity, and

liver ICAM, FMO3, IL-1β, iNOS, TNF-α, IL-6, and DPP4 expression. Subsequently, increased

inflammatory cytokine expression and plasma DPP4 activity may promote insulin resistance

and glucose intolerance in diabetes. On the other hand, non-diabetic plasma inhibits M1

expression and increases M2 expression in the adipose tissue of diabetes. The inhibition of M1

expression in the adipose tissue represses JNK activation, plasma DPP4 activity and CCL2 lev-

els, as well as liver inflammatory cytokines expression that may ultimately attenuate insulin

resistance and glucose intolerance in diabetes.
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Fig 9. The model of non-diabetic plasma-mediated suppression of M1 expression and attenuation of insulin

resistance and glucose intolerance. M1 expression in adipose tissue promotes adipose JNK activation, plasma DPP4

and CCL2 induction, and liver ICAM, FMO3, IL-1β, iNOS, and DPP4 upregulation that may result in insulin

resistance and impaired glucose tolerance in diabetes. On the other hand, non-diabetic plasma represses diabetic-

induced M1 expression in adipose tissue, plasma, and liver that may ultimately attenuate insulin resistance.

https://doi.org/10.1371/journal.pone.0252153.g009

PLOS ONE Inhibiting adipose M1 cytokines decreases DPP4 and insulin resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0252153 May 27, 2021 19 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252153.s001
https://doi.org/10.1371/journal.pone.0252153.g009
https://doi.org/10.1371/journal.pone.0252153


S1 Table. Primer sequences for qPCR.

(DOC)

S1 Raw images.

(PDF)

Author Contributions

Conceptualization: Lee-Wei Chen.

Funding acquisition: Lee-Wei Chen.

Investigation: Pei-Hsuan Chen.

Methodology: Pei-Hsuan Chen.

Resources: Jui-Hung Yen.

Supervision: Lee-Wei Chen, Jui-Hung Yen.

Writing – review & editing: Lee-Wei Chen, Jui-Hung Yen.

References

1. Russo L, Lumeng CN. Properties and functions of adipose tissue macrophages in obesity. Immunology.

2018; 155(4):407–17. https://doi.org/10.1111/imm.13002 PMID: 30229891; PubMed Central PMCID:

PMC6230999.

2. Fujisaka S, Usui I, Bukhari A, Ikutani M, Oya T, Kanatani Y, et al. Regulatory mechanisms for adipose

tissue M1 and M2 macrophages in diet-induced obese mice. Diabetes. 2009; 58(11):2574–82. https://

doi.org/10.2337/db08-1475 PMID: 19690061; PubMed Central PMCID: PMC2768159.

3. Bluher M. Adipose tissue inflammation: a cause or consequence of obesity-related insulin resistance?

Clinical science. 2016; 130(18):1603–14. https://doi.org/10.1042/CS20160005 PMID: 27503945.

4. Santangelo C, Filardi T, Perrone G, Mariani M, Mari E, Scazzocchio B, et al. Cross-talk between fetal

membranes and visceral adipose tissue involves HMGB1-RAGE and VIP-VPAC2 pathways in human

gestational diabetes mellitus. Acta diabetologica. 2019; 56(6):681–9. https://doi.org/10.1007/s00592-

019-01304-x PMID: 30820673.

5. Dregan A, Charlton J, Chowienczyk P, Gulliford MC. Chronic inflammatory disorders and risk of type 2

diabetes mellitus, coronary heart disease, and stroke: a population-based cohort study. Circulation.

2014; 130(10):837–44. https://doi.org/10.1161/CIRCULATIONAHA.114.009990 PMID: 24970784.

6. Furuya F, Ishii T, Kitamura K. Chronic Inflammation and Progression of Diabetic Kidney Disease. Con-

tributions to nephrology. 2019; 198:33–9. https://doi.org/10.1159/000496526 PMID: 30991405.

7. Aouadi M, Tencerova M, Vangala P, Yawe JC, Nicoloro SM, Amano SU, et al. Gene silencing in adi-

pose tissue macrophages regulates whole-body metabolism in obese mice. Proc Natl Acad Sci U S A.

2013; 110(20):8278–83. https://doi.org/10.1073/pnas.1300492110 PMID: 23630254; PubMed Central

PMCID: PMC3657808.

8. Kos K, Baker AR, Jernas M, Harte AL, Clapham JC, O’Hare JP, et al. DPP-IV inhibition enhances the

antilipolytic action of NPY in human adipose tissue. Diabetes, obesity & metabolism. 2009; 11(4):285–

92. https://doi.org/10.1111/j.1463-1326.2008.00909.x PMID: 19175376.

9. Mentlein R. Dipeptidyl-peptidase IV (CD26)—role in the inactivation of regulatory peptides. Regulatory

peptides. 1999; 85(1):9–24. https://doi.org/10.1016/s0167-0115(99)00089-0 PMID: 10588446.

10. Wronkowitz N, Gorgens SW, Romacho T, Villalobos LA, Sanchez-Ferrer CF, Peiro C, et al. Soluble

DPP4 induces inflammation and proliferation of human smooth muscle cells via protease-activated

receptor 2. Biochimica et biophysica acta. 2014; 1842(9):1613–21. https://doi.org/10.1016/j.bbadis.

2014.06.004 PMID: 24928308.

11. Ghorpade DS, Ozcan L, Zheng Z, Nicoloro SM, Shen Y, Chen E, et al. Hepatocyte-secreted DPP4 in

obesity promotes adipose inflammation and insulin resistance. Nature. 2018; 555(7698):673–7. https://

doi.org/10.1038/nature26138 PMID: 29562231; PubMed Central PMCID: PMC6021131.

12. Casrouge A, Sauer AV, Barreira da Silva R, Tejera-Alhambra M, Sanchez-Ramon S, Icare B, et al.

Lymphocytes are a major source of circulating soluble dipeptidyl peptidase 4. Clin Exp Immunol. 2018;

PLOS ONE Inhibiting adipose M1 cytokines decreases DPP4 and insulin resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0252153 May 27, 2021 20 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252153.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252153.s003
https://doi.org/10.1111/imm.13002
http://www.ncbi.nlm.nih.gov/pubmed/30229891
https://doi.org/10.2337/db08-1475
https://doi.org/10.2337/db08-1475
http://www.ncbi.nlm.nih.gov/pubmed/19690061
https://doi.org/10.1042/CS20160005
http://www.ncbi.nlm.nih.gov/pubmed/27503945
https://doi.org/10.1007/s00592-019-01304-x
https://doi.org/10.1007/s00592-019-01304-x
http://www.ncbi.nlm.nih.gov/pubmed/30820673
https://doi.org/10.1161/CIRCULATIONAHA.114.009990
http://www.ncbi.nlm.nih.gov/pubmed/24970784
https://doi.org/10.1159/000496526
http://www.ncbi.nlm.nih.gov/pubmed/30991405
https://doi.org/10.1073/pnas.1300492110
http://www.ncbi.nlm.nih.gov/pubmed/23630254
https://doi.org/10.1111/j.1463-1326.2008.00909.x
http://www.ncbi.nlm.nih.gov/pubmed/19175376
https://doi.org/10.1016/s0167-0115%2899%2900089-0
http://www.ncbi.nlm.nih.gov/pubmed/10588446
https://doi.org/10.1016/j.bbadis.2014.06.004
https://doi.org/10.1016/j.bbadis.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/24928308
https://doi.org/10.1038/nature26138
https://doi.org/10.1038/nature26138
http://www.ncbi.nlm.nih.gov/pubmed/29562231
https://doi.org/10.1371/journal.pone.0252153


194(2):166–79. https://doi.org/10.1111/cei.13163 PMID: 30251416; PubMed Central PMCID:

PMC6194339.

13. Kirino Y, Sato Y, Kamimoto T, Kawazoe K, Minakuchi K, Nakahori Y. Interrelationship of dipeptidyl pep-

tidase IV (DPP4) with the development of diabetes, dyslipidaemia and nephropathy: a streptozotocin-

induced model using wild-type and DPP4-deficient rats. The Journal of endocrinology. 2009; 200

(1):53–61. https://doi.org/10.1677/JOE-08-0424 PMID: 18931022.

14. Zhong J, Rao X, Deiuliis J, Braunstein Z, Narula V, Hazey J, et al. A potential role for dendritic cell/mac-

rophage-expressing DPP4 in obesity-induced visceral inflammation. Diabetes. 2013; 62(1):149–57.

https://doi.org/10.2337/db12-0230 PMID: 22936179; PubMed Central PMCID: PMC3526020.

15. Varin EM, Mulvihill EE, Beaudry JL, Pujadas G, Fuchs S, Tanti JF, et al. Circulating Levels of Soluble

Dipeptidyl Peptidase-4 Are Dissociated from Inflammation and Induced by Enzymatic DPP4 Inhibition.

Cell metabolism. 2019; 29(2):320–34 e5. https://doi.org/10.1016/j.cmet.2018.10.001 PMID: 30393019.

16. Sakai N, Van Sweringen HL, Schuster R, Blanchard J, Burns JM, Tevar AD, et al. Receptor activator of

nuclear factor-kappaB ligand (RANKL) protects against hepatic ischemia/reperfusion injury in mice.

Hepatology. 2012; 55(3):888–97. Epub 2011/10/28. https://doi.org/10.1002/hep.24756 PMID:

22031462; PubMed Central PMCID: PMC3276725.

17. Guzik TJ, Skiba DS, Touyz RM, Harrison DG. The role of infiltrating immune cells in dysfunctional adi-

pose tissue. Cardiovascular research. 2017; 113(9):1009–23. https://doi.org/10.1093/cvr/cvx108

PMID: 28838042; PubMed Central PMCID: PMC5852626.

18. Kirino Y, Sato Y, Kamimoto T, Kawazoe K, Minakuchi K. Altered dipeptidyl peptidase-4 activity during

the progression of hyperinsulinemic obesity and islet atrophy in spontaneously late-stage type 2 diabetic

rats. American journal of physiology Endocrinology and metabolism. 2011; 300(2):E372–9. https://doi.

org/10.1152/ajpendo.00319.2010 PMID: 21139073.

19. Zheng TP, Liu YH, Yang LX, Qin SH, Liu HB. Increased plasma dipeptidyl peptidase-4 activities are

associated with high prevalence of subclinical atherosclerosis in Chinese patients with newly diagnosed

type 2 diabetes: a cross-sectional study. Atherosclerosis. 2015; 242(2):580–8. https://doi.org/10.1016/j.

atherosclerosis.2015.07.042 PMID: 26318108.

20. Monteiro R, Azevedo I. Chronic inflammation in obesity and the metabolic syndrome. Mediators of

inflammation. 2010;2010. https://doi.org/10.1155/2010/289645 PMID: 20706689; PubMed Central

PMCID: PMC2913796.

21. Engin A. The Pathogenesis of Obesity-Associated Adipose Tissue Inflammation. Advances in experi-

mental medicine and biology. 2017; 960:221–45. https://doi.org/10.1007/978-3-319-48382-5_9 PMID:

28585201.

22. Ying W, Riopel M, Bandyopadhyay G, Dong Y, Birmingham A, Seo JB, et al. Adipose Tissue Macro-

phage-Derived Exosomal miRNAs Can Modulate In Vivo and In Vitro Insulin Sensitivity. Cell. 2017; 171

(2):372–84 e12. https://doi.org/10.1016/j.cell.2017.08.035 PMID: 28942920.

23. Lin SH, Chung PH, Wu YY, Fung CP, Hsu CM, Chen LW. Inhibition of nitric oxide production reverses

diabetes-induced Kupffer cell activation and Klebsiella pneumonia liver translocation. PLoS One. 2017;

12(5):e0177269. https://doi.org/10.1371/journal.pone.0177269 PMID: 28493939; PubMed Central

PMCID: PMC5426676.

24. Braune J, Weyer U, Hobusch C, Mauer J, Bruning JC, Bechmann I, et al. IL-6 Regulates M2 Polariza-

tion and Local Proliferation of Adipose Tissue Macrophages in Obesity. J Immunol. 2017; 198(7):2927–

34. https://doi.org/10.4049/jimmunol.1600476 PMID: 28193830.

25. Hill AA, Reid Bolus W, Hasty AH. A decade of progress in adipose tissue macrophage biology. Immuno-

logical reviews. 2014; 262(1):134–52. https://doi.org/10.1111/imr.12216 PMID: 25319332; PubMed

Central PMCID: PMC4203421.

26. Kratz M, Coats BR, Hisert KB, Hagman D, Mutskov V, Peris E, et al. Metabolic dysfunction drives a

mechanistically distinct proinflammatory phenotype in adipose tissue macrophages. Cell metabolism.

2014; 20(4):614–25. https://doi.org/10.1016/j.cmet.2014.08.010 PMID: 25242226; PubMed Central

PMCID: PMC4192131.

PLOS ONE Inhibiting adipose M1 cytokines decreases DPP4 and insulin resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0252153 May 27, 2021 21 / 21

https://doi.org/10.1111/cei.13163
http://www.ncbi.nlm.nih.gov/pubmed/30251416
https://doi.org/10.1677/JOE-08-0424
http://www.ncbi.nlm.nih.gov/pubmed/18931022
https://doi.org/10.2337/db12-0230
http://www.ncbi.nlm.nih.gov/pubmed/22936179
https://doi.org/10.1016/j.cmet.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30393019
https://doi.org/10.1002/hep.24756
http://www.ncbi.nlm.nih.gov/pubmed/22031462
https://doi.org/10.1093/cvr/cvx108
http://www.ncbi.nlm.nih.gov/pubmed/28838042
https://doi.org/10.1152/ajpendo.00319.2010
https://doi.org/10.1152/ajpendo.00319.2010
http://www.ncbi.nlm.nih.gov/pubmed/21139073
https://doi.org/10.1016/j.atherosclerosis.2015.07.042
https://doi.org/10.1016/j.atherosclerosis.2015.07.042
http://www.ncbi.nlm.nih.gov/pubmed/26318108
https://doi.org/10.1155/2010/289645
http://www.ncbi.nlm.nih.gov/pubmed/20706689
https://doi.org/10.1007/978-3-319-48382-5%5F9
http://www.ncbi.nlm.nih.gov/pubmed/28585201
https://doi.org/10.1016/j.cell.2017.08.035
http://www.ncbi.nlm.nih.gov/pubmed/28942920
https://doi.org/10.1371/journal.pone.0177269
http://www.ncbi.nlm.nih.gov/pubmed/28493939
https://doi.org/10.4049/jimmunol.1600476
http://www.ncbi.nlm.nih.gov/pubmed/28193830
https://doi.org/10.1111/imr.12216
http://www.ncbi.nlm.nih.gov/pubmed/25319332
https://doi.org/10.1016/j.cmet.2014.08.010
http://www.ncbi.nlm.nih.gov/pubmed/25242226
https://doi.org/10.1371/journal.pone.0252153

