
INTERNATIONAL JOURNAL OF MOlecular medicine  46:  977-988,  2020

Abstract. Type 2 diabetes mellitus (T2DM) is associated 
with chronic low‑grade inflammation. Carvacrol has been 
confirmed to possess anti‑inflammatory properties, but its 
effect on diabetic vasculature remains unknown. The aim of 
the present study was to investigate the possible protective 
effects of carvacrol against vascular endothelial inflammation. 
The mice were divided into four groups (n=15 per group) as 
follows: Non‑diabetic control mice, db/db mice, db/db mice + 
carvacrol (low) and db/db mice + carvacrol (high) groups. The 
effects of carvacrol on the pathomorphism of the thoracoab-
dominal aorta in db/db mice were evaluated using hematoxylin 
and eosin and Masson's trichrome staining. The serum levels 
of insulin signaling molecules, such as phosphorylated insulin 
receptor, phosphorylated insulin receptor substrate‑1, insulin, 
triglyceride (TG) and inflammatory cytokines [tumor necrosis 
factor‑α, interleukin (IL)‑1β, IL‑6 and IL‑8] were measured by 
ELISA. Furthermore, the protein levels of the toll‑like receptor 
(TLR)4/nuclear factor (NF)‑κB inflammatory signaling 
pathway molecules were investigated in the thoracoabdominal 
aorta of db/db mice and in high glucose‑induced endothelial 
cells. Vascular endothelial cell apoptosis and viability were 

assessed by using flow cytometry and Cell Counting Kit‑8 
assays, respectively. The results demonstrated that carva-
crol alleviated vascular endothelial cell injury. Carvacrol 
reduced the expression levels of insulin signaling molecules, 
insulin, TG and inflammatory cytokines in the serum of 
db/db mice. Moreover, carvacrol reduced the activation of the 
TLR4/NF‑κB signaling pathway in vivo and in vitro. In vitro, 
carvacrol inhibited high glucose‑induced endothelial cell 
function by promoting vascular endothelial cell apoptosis and 
suppressing cell viability. These findings demonstrated that 
carvacrol could alleviate endothelial dysfunction and vascular 
inflammation in T2DM.

Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder char-
acterized by insulin resistance and hyperglycemia (1‑3). The 
prevalence of diabetes in adults is 6.4%, affecting 285 million 
adults in 2010 and expected to increase to 7.7% and 439 million 
adults by 2030 (4,5). Diabetes increases the risk of cardiovascular 
disease, such as atherosclerosis  (6). Endothelial dysfunction 
is a hallmark of diabetes. Vascular endothelial complications, 
such as endothelial cell dysfunction and vascular inflammation, 
contribute to the morbidity and mortality of diabetes, which 
are common causes of limb amputation (7). Inflammation is 
considered as a key event in vascular dysfunction. In diabetes, the 
pro‑inflammatory phenotype is enhanced by a variety of factors, 
including pro‑inflammatory cytokines, such as interleukin 
(IL)‑1β, IL‑6, IL‑18 and tumor necrosis factor (TNF)‑α, and 
nuclear factor (NF)‑κB (8). The main cause of diabetic vascular 
complications is hyperglycemia, which is associated with endo-
thelial cell dysfunction. Hyperglycemia is a major risk factor for 
atherosclerosis, and atherosclerosis is the most important cause 
of various cardiovascular complications (9). Endothelial cells 
isolated from healthy subjects exposed to high glucose (HG) 
or isolated from diabetic patients exhibit limited proliferative 
capacity (10). Clinical studies have demonstrated that protecting 
vascular endothelial cells from damage may be a useful approach 
to the treatment of cardiovascular complications in diabetes. 
However, there is currently a lack of effective drugs for preventing 
the development of cardiovascular diseases in diabetic patients.

Plants have been used in traditional medicine due to their 
beneficial and protective properties (11). It has been reported 
that carvacrol (2‑methyl‑5‑isopropylphenol), a monoterpenic 
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phenol, has several pharmacological properties, such as 
anti‑inflammatory (12), antioxidant (13), antiapoptotic (14), 
anticancer (14) and antimicrobial properties (15). Accumulating 
evidence from in vitro studies confirms these properties: For 
example, carvacrol was found to reduce the serum levels of 
inflammatory mediators and improve respiratory symptoms in 
veterans exposed to sulfur mustard (16). However, the effects 
of carvacrol on diabetes remain unclear.

In the present study, genetically hyperglycemic db/db mice 
were used as a T2DM model (17,18) to investigate whether 
carvacrol can alleviate vascular inflammation in diabetes.

Materials and methods

Animals. A total of 45 male C57BL/KsJ db/db mice (age, 
8 weeks; weight, 32‑36 g) and 15 age‑matched C57BL/6J 
control non‑diabetic db/m+ mice (age, 6 weeks; weight, 16‑18 g) 
were purchased from Changzhou Cavans Experimental 
Animal Co., Ltd., (SCXK2001‑0003). All mice were housed 
in a well‑ventilated environment, with a 12‑h light‑dark cycle, 
at 23±2˚C and 70±10% humidity, with free access to water 
and food. All animal experiments were performed strictly in 
accordance with the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. The research 
protocol was approved by the Traditional Chinese Medicine 
Guizhou University Animal Care and Ethics Committee.

Experimental design for the T2DM animal model. All 
mice were randomly divided into four groups as follows: 
i) Age‑matched healthy control (n=15); ii) model control; 
iii) db/db model + low‑dose carvacrol (5 mg/kg); and iv) db/db 
model + high‑dose carvacrol (10 mg/kg) groups. All mice 
were anesthetized by intraperitoneal injection of pentobar-
bital sodium (50 mg/kg). Subsequently, the db/db mice were 
treated with carvacrol (282197‑50G, Sigma‑Aldrich; Merck 
KGaA) daily for 6 weeks by gavage. At the same time, the 
normal control and model control groups were administered 
0.9% saline at equal volumes. After 6 weeks, all the mice 
were euthanized by intraperitoneal injection of pentobarbital 
sodium (200 mg/kg) according to the recommendations of 
the animal ethics guidelines. Blood was quickly collected, 
centrifuged (at 3,000 x g for 10 min at 4˚C) to obtain the blood 
serum samples, and stored at ‑20˚C. The pancreatic tissues and 
skeletal muscles were removed and immediately immersed in 
4% paraformaldehyde for 12 h at 4˚C.

Oral glucose tolerance test (OGTT). After 8 h of fasting, the 
mice were orally administered glucose solution (1.2 g/kg body 
weight). Blood was drawn from the tail vein, and the glucose 
levels were measured using a glucose monitor (Ascensia 
ELITE; Bayer).

Serum lipid and insulin levels. The fasting serum levels of 
total cholesterol, triglyceride (TG), high‑density lipoprotein 
(HDL) and non‑HDL were detected using enzymatic methods 
(Stanbio Laboratory). Furthermore, the serum insulin concen-
tration was analyzed by enzyme immunoassay (Mercodia).

Histological examination and immunohistochemical analyses. 
The thoracoabdominal aorta was fixed at room temperature for 

48 h in a buffer solution of 10% formalin, and then embedded 
in paraffin and sectioned at 20  µm. The sections were 
subjected to Masson's trichrome and hematoxylin and eosin 
(H&E) staining and observed under an optical microscope 
at a magnification, x200 (BX51, Olympus Corporation). For 
immunohistochemical analyses, paraffin‑embedded sections 
were incubated with anti‑inhibitor of NF‑κB kinase (anti‑IKK; 
1:100, ab32041, Abcam), anti‑NF‑κB inhibitor‑α (anti‑IKB‑α; 
1:100, ab32518, Abcam), anti‑NALP3 (1:150, 19771‑1‑AP; 
ProteinTech Group, Inc.), anti‑NF‑κB (1:150, 14220‑1‑AP; 
ProteinTech Group, Inc.), anti‑phosphorylated insulin receptor 
(anti‑p‑InsR; 1:100, ab60946, Abcam), anti‑phosphorylated 
insulin receptor substrate‑1 (anti‑p‑ISR‑1; 1:100, ab3690, 
Abcam) and anti‑toll‑like receptor (TLR)4 (1:200, ab22048, 
Abcam) at 4˚C overnight. Subsequently, the slides were incu-
bated with secondary antibody (PV‑9001; ZSGB‑BIO, China) 
for 2 h at room temperature. The optical density was measured 
using ImageJ software, v1.8.0 (National Institutes of Health). 
The semi‑quantitative results were evaluated by scoring the 
percentage of positive cells and staining intensity under the 
microscope. The percentage of positive cells was scored as 
follows: <5%, 0 points; 5 ‑25%, 1 point; 26‑50%, 2 points; 
51‑75%, 3 points; and 76‑100%, 4 points. The staining intensity 
was scored as follows: 0, no staining; 1, light yellow; 2, brown; 
and 3, tan. The product of the percentage of positive cells and 
the cell staining intensity was defined as the grade: 0, nega-
tive (‑); 1‑4, weakly positive (+); 5‑8, positive (++); and 9‑12, 
strongly positive (+++).

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
Total RNA was extracted from tissues or cells using a TRIzol 
reagent kit (15596‑026, Invitrogen; Thermo Fisher Scientific, 
Inc.). Subsequently, the extracted RNA was reverse‑tran-
scribed into cDNA on ice using the TaqMan cDNA Synthesis 
kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
RT‑qPCR was carried out with the miScript SYBR Green 

Table  I. Primer sequence information for reverse transcrip-
tion‑quantitative PCR.

Target gene	 Primer sequence (5'‑3')

IKK	 Forward: ACGACCTAGAGGAGCAAGCA
	 Reverse: AGCTCTGAATTGCCTGAAGC
IKB‑α	 Forward: GGTGTTTGAATGTATTGCTGG
	 Reverse: AGGCTGTTTGGCTGAGGT
NALP3	 Forward: TGGATCTAGCCACGCTAATG
	 Reverse: AAACCCATCCACTCCTCTTC
NF‑κB	 Forward: ACCTGCCAGATACAGACGAT
	 Reverse: GAAGCTGAGCTGCGGGAA
TLR4	 Forward: TCCCTGAACCCTATGAAC
	 Reverse: CTAAACCAGCCAGACCTT
GAPDH	 Forward: TGAGTCCTTCCACGATACCA
	 Reverse: ATCCCATCACCATCTTCCAG

IKK, inhibitor of NF‑κB kinase; IKB‑α, NF‑κB inhibitor‑α; NF‑κB, 
nuclear factor‑κB; TLR, toll‑like receptor.
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PCR kit (A25742, PowerUp™ SYBR™ Green Master Mix, 
Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
conditions for RT‑qPCR were as follows: One cycle of 2 min at 
50˚C; one cycle of 10 min at 95˚C; 40 cycles of 15 sec at 95˚C 
and 40 cycles of 1 min at 60˚C. The primer sequences of the 
targeted genes are shown in Table I. The relative expression 
levels of the genes were normalized to GAPDH expression. 
The fold changes in expression were calculated using the 
2‑ΔΔCq method (PMID: 18546601).

Western blot analysis. Total protein was extracted from tissues 
or cells using RIPA lysis buffer (R0010; Solarbio) supplemented 
with 1% PMSF (P0100; Solarbio), and was determined with 
BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). 
A total of 120 µg protein was loaded per lane. Subsequently, the 
protein samples were separated by 10% SDS‑PAGE and trans-
ferred to a PVDF membrane (IPVH00010; EMD Millipore). 
The membrane was then blocked with 5% skimmed milk at 
room temperature for 1 h, followed by incubation with the 
primary antibodies at 4˚C overnight, and then incubation with 
the secondary antibody for 45 min. The primary antibodies 
included: Anti‑IKK (1:1,000, ab32041; Abcam), anti‑IKB‑α 
(1:1,000, ab32518, Abcam), anti‑NALP3 (1:2,000, 19771‑1‑AP, 
ProteinTech Group, Inc.), anti‑NF‑κB (1:2,000, 14220‑1‑AP, 
ProteinTech Group, Inc.), anti‑TLR4 (1:2,000, ab22048, Abcam) 
and anti‑β‑actin (1:1,000; bs‑0061R; BIOSS). β‑actin was used 
as an internal control. Finally, the blots were visualized using 
an ECL kit (KGP1121; KeyGen Biotech Co., Ltd.).

Cell culture. Human umbilical vein endothelial cells 
(HUVECs) were cultured for 48 h in Endothelial Cell Growth 
Medium‑2 BulletKit™ (Gibco; Thermo Fisher Scientific, Inc.) 
at 37˚C with 5% CO2, and divided into three groups as follows: 
i) Control; ii) endothelial cells + HG; and iii) endothelial cells 
+ HG + carvacrol.

ELISA. Inflammatory cytokines (IL‑1β, IL‑6, IL‑18 and 
TNF‑α), insulin and TG levels in the serum were measured 
using a 96‑well microplate and commercially available ELISA 
kits (cat. nos. H007, H203 and H266, respectively; all from 
NanJing JianCheng Bio). The optical density was read at 450 nm 
using a microplate reader (saf‑680t; Thermo Fisher Scientific 
Inc.). The concentrations of IL‑1β, IL‑6, IL‑18, TNF‑α, insulin 
and TG were quantified based on the standard curves that were 
constructed by Curve Expert 1.4 software (Beijing Boleide 
Development of Science and Technology Co., Ltd.). Three wells 
from each sample were assayed in this experiment.

Flow cytometry assay of cell apoptosis. Vascular endothelial 
cell apoptosis was evaluated using the Annexin V‑FITC 
Apoptosis Detection kit (BestBio). The cells were incubated 
with Annexin V‑FITC and propidium iodide (PI) in the dark 
for 15 min at room temperature. The number of apoptotic cells 
was analyzed using flow cytometry (BD Biosciences).

Cell Counting Kit‑8 (CCK‑8) assay. The cells were seeded 
in a 96‑well plate (3,000 cells/well) and were cultured under 
different concentrations of carvacrol (20, 50, 100, 200, 500 
and 1,000 µM/ml) at room temperature for 24 h. Subsequently, 
cell viability was evaluated using a CCK‑8 Kit (Dojindo 
Molecular Technologies, Inc.) according to the manufacturer's 
instructions.

Immunocytochemical analyses. HUVECs were fixed in 
4% paraformaldehyde at 4˚C for 15 min and incubated in 
hydrogen peroxide for 15 min. Subsequently, the cells were 
blocked with goat serum (Solarbio) at 37˚C for 30  min, 
followed by incubation with anti‑IKK (1:100, ab32041; Abcam), 
anti‑IKB‑α (1:100, ab32518; Abcam), anti‑NALP3 (1:150, 
19771‑1‑AP; ProteinTech Group, Inc.), anti‑NFκB (1:150, 
14220‑1‑AP; ProteinTech Group, Inc.), anti‑p‑INSR (1:100, 
ab60946; Abcam), anti‑p‑ISR‑1 (1:100, ab3690; Abcam) and 
anti‑TLR4 (1:200, ab22048; Abcam) at 4˚C overnight.

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism v7.0 (GraphPad Software, Inc.). Data are 
expressed as means ± standard error of the mean. The differ-
ences between two groups were calculated using Student's 
t‑test. Comparisons among multiple groups were performed 
using one‑way analysis of variance followed by Tukey's 
post hoc test. P<0.05 was considered to indicate statistically 
significant differences.

Results

Effects of carvacrol on the pathomorphism of the thora‑
coabdominal aorta in db/db mice. Fibrosis was assessed 
using Masson's trichrome staining on thoracoabdominal 
aortic sections (Fig. 1A). Compared with the normal control 
group, severe fibrosis was observed in the thoracoabdominal 
aorta of the db/db mice in the model group. As described in 
a previous study, 5 and 10 mg/kg carvacrol did not affect the 
normal activity and movement of the mice (19). Thus, these 
concentrations of carvacrol were selected for the present study. 
Carvacrol treatment (5 and 10 mg/kg) significantly improved 

Table II. Effect of carvacrol intervention on insulin resistance markers in db/db mice.

Groups	 Fasting blood glucose (mmol/l)	 Insulin (mU/l)	 HOMA‑IR

Db/m+	 6.62±3.04b	 1.20±0.15b	 0.35±0.09b

db/db model	 22.15±5.98	 2.33±0.12	 2.29±0.18
db/db model + carvacrol (5 mg/kg)	 18.15±4.73	 1.73±0.19b	 1.39±0.12b

db/db model + carvacrol (10 mg/kg)	 15.27±5.06a	 1.53±0.17b	 1.04±0.08b

aP<0.01 and bP<0.0001 vs. the db/db model group. HOMA‑IR, Homeostatic Model Assessment of Insulin Resistance.

https://www.spandidos-publications.com/10.3892/ijmm.2020.4654
https://www.spandidos-publications.com/10.3892/ijmm.2020.4654


ZHAO et al:  CARVACROL MAY ALLEVIATE VASCULAR INFLAMMATION IN DIABETIC db/db MICE980

Figure 2. Carvacrol reduced the levels of insulin signaling molecules, including IRS‑1, InsR, p‑IRS‑1 and p‑InsR in the abdominal aorta of db/db mice. 
(A) Western blot analysis of protein expression in the abdominal aorta of db/db mice. (B and C) Western blotting demonstrated the expression levels of IRS‑1 and 
InsR in the abdominal aorta of db/db mice with and without carvacrol treatment. (D and E) Immunohistochemical staining for p‑IRS‑1 in the abdominal aorta 
of db/db mice; magnification, x200. (F and G) Immunohistochemical staining for p‑InsR in the abdominal aorta of db/db mice; magnification, x200. Compared 
with control: ***P<0.001 and ****P<0.0001. Compared with model: #P<0.05, ##P<0.01, ###P<0.001 and ####P<0.0001. InsR, insulin receptor; IRS‑1, insulin receptor 
substrate‑1; p‑, phosphorylated; IKK, inhibitor of NF‑κB kinase; IKB‑α, NF‑κB inhibitor‑α; NF‑κB, nuclear factor‑κB; TLR, toll‑like receptor. Scale bar, 20 µm.

Figure 1. Effects of carvacrol on the pathomorphism of the thoracoabdominal aorta of db/db mice. (A) Masson's staining of thoracoabdominal aortic sections 
of db/db mice. Abdominal aortic vascular smooth muscle cells and elastic fibers are stained red and collagen fibers are stained blue‑green. (B) Hematoxylin 
and eosin staining of abdominal aortic sections of db/db mice. Magnification, x200.
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vessel fibrosis in db/db mice. The model control group db/db 
mice exhibited severe pathological changes of the thoracoab-
dominal aorta on H&E staining, such as disorderly and loosely 
arranged HUVECs, hypertrophied, distorted an disordered 
vascular smooth muscle cells with an increased number of 
layers, different nucleus sizes, unclear cell membrane and 
nuclear membrane, uneven cytoplasmic staining, and broken 
intracellular muscle fibers (Fig. 1B). These histological abnor-
malities were significantly alleviated in the carvacrol treatment 
groups (5 and 10 mg/kg) compared with the model group.

Carvacrol reduces the levels of insulin signaling molecules 
in the thoracoabdominal aorta of db/db mice. It was first 
observed that carvacrol decreased the levels of fasting blood 
glucose and serum insulin in the db/db model compared with 
those in the db/db model control group. Moreover, carvacrol 
significantly increased the Homeostatic Model Assessment 
of Insulin Resistance of db/db mice compared with the db/db 
model control group (Table II). Next, the protein expression 
of the insulin signaling molecules IRS‑1 and InsR was found 
to be significantly higher in the thoracoabdominal aorta 
of the db/db model group compared with the control group 
(Fig. 2A‑C). However, carvacrol treatment (5 and 10 µM/ml) 
significantly reduced the expression levels of these proteins 
(Fig. 2A‑C). Similar results were observed on immunohisto-
chemical examination (Fig. 2D‑G). Thus, carvacrol reduces 
the expression of insulin signaling molecules in the thoracoab-
dominal aorta of db/db mice.

Carvacrol reduces the expression levels of insulin, TG and 
markers of insulin resistance in the serum of db/db mice. As 
shown in Fig. 3A, the serum insulin level in the db/db mice 
group was significantly higher compared with that in the 
normal control group, and carvacrol treatment (5 and 10 mg/kg) 
markedly decreased the serum insulin level compared with 
the db/db mice of the model control group. It was observed 
that the serum TG level was significantly higher in db/db mice 
compared with that in the normal control group (Fig. 3B). 

However, carvacrol treatment (5 and 10 mg/kg) markedly 
reduced the TG level compared with that in the db/db mouse 
control group.

Inflammatory markers, such as IL‑1β, IL‑6, IL‑18 and 
TNF‑α, have been confirmed as the main cause of insulin 
resistance in diabetic patients. Therefore, the levels of IL‑1β, 
IL‑6, IL‑18 and TNF‑α were measured in the serum of 
db/db mice. It was observed that the serum levels of IL‑1β, 
IL‑6, IL‑18 and TNF‑α in the db/db mice of the model group 
were significantly higher compared with those in the normal 
control group (Fig. 3C‑F). However, carvacrol treatment (5 
and 10 mg/kg) obviously decreased the serum levels of IL‑1β, 
IL‑6, IL‑18 and TNF‑α compared with those in the db/db mice 
of the model control group.

Effects of carvacrol on the TLR4/NF‑κB signaling pathway in 
the thoracoabdominal aorta of db/db mice. It has been demon-
strated that the TLR4/NF‑κB signaling pathway is involved in 
the regulation of vascular inflammatory responses (20,21). To 
explore the potential underlying mechanism, the expression 
levels of the TLR4/NF‑κB pathway molecules, including IKK, 
IKB‑α, NALP3, NF‑κB and TLR4, were measured in the thora-
coabdominal aorta of db/db mice. The mRNA and protein levels 
of IKK, NALP3, NF‑κB and TLR4 were found to be signifi-
cantly higher in the db/db mice of the model group compared 
with those in the normal control group (Fig. 4A‑K). However, 
carvacrol treatment (5 and 10 mg/kg) markedly decreased 
the levels of IKK, NALP3, NFκB and TLR4 compared with 
the db/db mice of the model control group (Fig. 4A‑K). The 
results of immunohistochemical analysis were consistent with 
the results mentioned above (Fig. 5A‑L). Moreover, it was 
observed that the IKB‑α and p‑IKB‑α levels were higher in the 
thoracoabdominal aorta of db/db mice compared with those in 
the normal control group, whereas carvacrol treatment (5 and 
10 kg/kg) decreased the levels of IKB‑α and p‑IKB‑α.

Carvacrol promotes apoptosis and inhibits the viability 
of HUVECs. Endothelial cell apoptosis and viability were 

Figure 3. Carvacrol reduced the expression levels of insulin, TG and markers of insulin resistance in the serum of db/db mice according to ELISA. (A) Insulin; 
(B) TG; (C) IL‑1β; (D) IL‑6; (E) IL‑18; and (F) TNF‑α. Compared with control: **P<0.01 and ****P<0.0001. Compared with model: #P<0.05, ##P<0.01, ###P<0.001 
and ####P<0.0001. TG, triglyceride; IL, interleukin; TNF, tumor necrosis factor.
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then investigated. Flow cytometry was employed to evaluate 
HUVEC apoptosis. It was observed that carvacrol promoted 
vascular endothelial cell apoptosis in a dose‑dependent manner 

(Fig. 6A). Cell viability was assessed with the CCK‑8 assay. 
The results demonstrated that carvacrol decreased endothelial 
cell viability in a dose‑dependent manner (Fig. 6B).

Figure 4. Effects of carvacrol on the TLR4/NF‑κB signaling pathway in the thoracoabdominal aorta of db/db mice. (A and B) Reverse transcription‑quantitative 
PCR analysis. mRNA levels of (C) IKK, (D) NALP3, (E) NF‑κB and (F) TLR4 in the thoracoabdominal aortic tissues of db/db mice. (G) Western blot analysis. 
Protein levels of (H) IKK, (I) NALP3, (J) NF‑κB and (K) TLR4 in the thoracoabdominal aortic tissues of db/db mice. Compared with control: ****P<0.0001. 
Compared with model: ####P<0.0001. IKK, inhibitor of NF‑κB kinase; IKB‑α, NF‑κB inhibitor‑α; NF‑κB, nuclear factor‑κB; TLR, toll‑like receptor.
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Carvacrol reduces the levels of insulin signaling molecules 
in HG‑induced HUVECs. The protein levels of IRS‑1 and 
InsR were found to be significantly higher in HG‑induced 
HUVECs compared with those in the HUVECs control group 
(Fig. 7A‑C), and carvacrol treatment (5 and 10 mg/kg) signifi-
cantly reduced the levels of p‑IRS‑1 and p‑InsR in HG‑induced 
HUVECs (Fig. 7D‑G). The results mentioned above indicate 
that carvacrol reduces the levels of insulin signaling molecules 
in HG‑induced HUVECs.

Effects of carvacrol on the TLR4/NF‑κB signaling pathway in 
HG‑induced HUVECs. It was inferred that carvacrol reduces 
the activation of the TLR4/NF‑κB signaling pathway in 
HG‑induced HUVECs. As expected, the mRNA and protein 
expression of IKK, IKB‑α, NALP3, NF‑κB and TLR4 were 
found to be increased in HG‑induced HUVECs compared 
with those in the control group (Fig. 8A‑J). However, carvacrol 
significantly decreased the expression of IKK, IKB‑α, NALP3, 

NF‑κB and TLR4 compared with the control group (Fig. 8A‑J). 
These data indicated that carvacrol may be involved in the acti-
vation of the TLR4/NF‑κB signaling pathway in HG‑induced 
HUVECs. In addition, immunohistochemical analysis was 
performed. As expected, the results of immunohistochemistry 
were consistent with the results mentioned above (Fig. 8K‑O). 
The hypothesis diagram of the present study is shown in Fig. 9.

Discussion

The optimal antidiabetic drug would be expected to improve 
insulin resistance in diabetic patients without causing any side 
effects (22). However, the currently available antidiabetic drugs 
are associated with long‑term side effects. Therefore, in an 
attempt to find safe and effective antidiabetic drugs, the effects of 
carvacrol on a db/db mouse model were investigated. The results 
of the present study suggested that carvacrol may alleviate endo-
thelial cell dysfunction and vascular inflammation in T2DM.

Figure 5. Immunohistochemical analyses results showing the expression levels of (A and B) IKK, (C and D) IKB‑α, (E and F) NALP3, (G and H) IKB‑α, 
(I and J) NF‑κB and (K and L) TLR4 in the thoracoabdominal aortic tissues of db/db mice (magnification, x200). Compared with control: **P<0.01; ***P<0.001 
and ****P<0.0001. Compared with model: #P<0.05, ##P<0.01, ###P<0.001 and ####P<0.0001. IKK, inhibitor of NF‑κB kinase; IKB‑α, NF‑κB inhibitor‑α; NF‑κB, 
nuclear factor‑κB; TLR, toll‑like receptor. Scale bar, 20 µm.
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Figure 6. Carvacrol promoted apoptosis and inhibited viability of HUVECs. (A) Flow cytometry assay results showing the apoptosis of HUVECs under 
different concentrations of carvacrol (20, 50, 100 and 200 µM/ml). (B) Cell Counting Kit‑8 assay demonstrated endothelial cell viability (20, 50, 100, 500 and 
1,000 µM/ml carvacrol). HUVECs, human umbilical vein endothelial cells.

Figure 7. Carvacrol reduced the levels of insulin signaling molecules in HG‑induced HUVECs. (A) Western blotting of different proteins in HUVECs. 
(B) Expression of IRS‑1 in the HUVECs according to western blotting analysis. (C) Expression of InsR in HUVECs according to western blotting analysis. 
(D and E) Immunohistochemical staining for p‑IRS‑1 in HG‑induced HUVECs; magnification, x200. (F and G) Immunohistochemical staining for p‑InsR in 
HG‑induced HUVECs; magnification, x200. Compared with control: **P<0.01 and ****P<0.0001. Compared with model: #P<0.05, ###P<0.001 and ####P<0.0001. 
HUVECs, human umbilical vein endothelial cells; HG, high glucose; p‑InsR, phosphorylated insulin receptor; p‑IRS‑1, phosphorylated insulin receptor 
substrate‑1; IKK, inhibitor of NF‑κB kinase; IKB‑α, NF‑κB inhibitor‑α; NF‑κB, nuclear factor‑κB; TLR, toll‑like receptor.
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In the present study, db/db mice were used to construct 
a T2DM model. It was observed that the db/db model mice 
exhibited major pathological changes. The db/db mice were 

treated with low‑dose carvacrol (5  mg/kg) or high‑dose 
carvacrol (10 mg/kg), and it was demonstrated that both doses 
significantly alleviated the histological abnormalities of the 

Figure 8. Effects of carvacrol on the TLR4/NF‑κB signaling pathway in HG‑induced HUVECs. Reverse transcription‑quantitative PCR analysis results showing 
the mRNA expression levels of (A) IKK, (B) IKB‑α, (C) NALP3, (D) NF‑κB and (E) TLR4. Western blotting results showing the protein expression levels of 
(F) IKK, (G) IKB‑α, (H) NALP3, (I) NF‑κB and (J) TLR4. (K) Representative images of immunohistochemical analyses results magnification, x200. Expression 
levels of (L) IKK, (M) NF‑κB, (N) IKB‑α, (O) TLR4 and (P) NALP3 in HG‑induced HUVECs according to the immunohistochemical analysis results. Compared 
with control: *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Compared with model: #P<0.05, ###P<0.001 and ####P<0.0001. IKK, inhibitor of NF‑κB kinase; IKB‑α, 
NF‑κB inhibitor‑α; NF‑κB, nuclear factor‑κB; TLR, toll‑like receptor; HUVECs, human umbilical vein endothelial cells; HG, high glucose.
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abdominal aorta in the db/db mouse model. It is well known 
that T2DM‑related disorders are often associated with insulin 
resistance (23‑25). Peripheral target tissues exhibit reduced 
sensitivity to insulin, leading to abnormal insulin secretion 
and even hyperglycemia. Insulin resistance is considered to be 
a major therapeutic target in T2DM (26). It was herein demon-
strated that both low‑ and high‑dose carvacrol improved 
insulin resistance via suppressing the phosphorylation of the 
insulin signaling molecules p‑IRS‑1 and p‑InsR in vitro as 
well as in vivo, indicating that carvacrol may be of value in the 
treatment of T2DM.

T2DM is considered to be a chronic inflammatory disease. 
Inflammation and immune cell dysfunction have been shown 
to be associated with insulin resistance and secretion dysfunc-
tion (27). In diabetes, vascular inflammation and endothelial 
cell dysfunction play a major role in the development of 
vascular disease (28). Pro‑inflammatory cytokines promote 
vascular dysfunction in diabetes by promoting endothelial 
cell inflammation (21). For example, the pro‑inflammatory 
cytokine IL‑1β has been reported to be a driving factor for 
β‑cell dysfunction (29,30). IL‑1β secretion is increased in the 
islets in response to high levels of glucose, which promotes 
the recruitment and activation of macrophages, thereby 
maintaining the islet inflammatory response  (30). IL‑6 
has been confirmed to be highly expressed in the serum of 
patients with T2DM, which induces insulin resistance (31). 
It was previously demonstrated that serum IL‑18 levels are 
positively correlated with the pathogenesis and development 
of T2DM  (32). Furthermore, TNF‑α is mainly produced 
in adipocytes or peripheral tissues. Elevated TNF‑α levels 
impair insulin signaling through serine phosphorylation, 
which induces insulin resistance in adipocytes and periph-

eral tissues  (33). It has been demonstrated that insulin 
resistance in diabetic patients can increase the serum levels 
of inflammatory mediators (including IL‑1β, IL‑6, IL‑18 and 
TNF‑α) and plays an important role in regulating glucose 
homeostasis (22). The results of the present study indicated 
that carvacrol effectively reduced the serum levels of inflam-
matory mediators, including IL‑1β, IL‑6, IL‑18 and TNF‑α, 
in db/db mice. These findings indicated that carvacrol may 
alleviate insulin resistance of db/db mice by inhibiting the 
expression of these pro‑inflammatory cytokines.

IKK activates the nuclear translocation of NF‑κB by 
the degradation inhibitor IκBα  (34). In the present study, 
db/db mice exhibited increased expression of IKK and IκBα. 
Increased IKK expression indicated the activation of NF‑κB 
signaling. Furthermore, increased IκBα expression may be 
an adaptive response to this activation. However, carvacrol 
significantly reduced IKK and IκBα expression in db/db 
mice. Therefore, carvacrol may reduce vascular inflamma-
tion by suppressing the NF‑κB signaling pathway. The 
TLR4/NF‑κB signaling pathway is involved in the inflamma-
tory response of diabetes. To explore whether carvacrol also 
exerts anti‑inflammatory effects through the TLR4/NF‑κB 
signaling pathway, the expression levels of relevant markers 
in the TLR4/NF‑κB signaling pathway in the abdominal aorta 
were examined. TLR4 and NF‑κB levels were significantly 
upregulated in db/db mice, but they were reduced by carvacrol 
at both the transcriptional and translational levels. Therefore, 
the results mentioned above indicate that carvacrol may exert 
its anti‑inflammatory effects through inactivation of the 
TLR4/NF‑κB signaling pathway.

Endothelial cells are sensitive to changes in blood glucose 
levels (35). Endothelial cell injury has been identified as an 

Figure 9. Hypothesis diagram of the present study. IKK, inhibitor of NF‑κB kinase; IKB‑α, NF‑κB inhibitor‑α; NF‑κB, nuclear factor‑κB; TLR, toll‑like 
receptor; IL, interleukin; TNF, tumor necrosis factor.
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early event in the development of atherosclerosis. Diabetes, 
as one of the risk factors for atherosclerosis, can damage 
the vascular endothelium. There is growing evidence that 
diabetic atherosclerosis is associated with hyperglycemia. 
Both in vivo and in vitro studies have demonstrated that hyper-
glycemia can contribute to HUVEC damage and dysfunction, 
ultimately leading to atherosclerosis (36,37). In the present 
study, the results revealed that carvacrol promoted apoptosis 
of HG‑induced HUVECs in a dose‑dependent manner. As 
expected, the in vitro experiment results demonstrated that 
the protein levels of the TLR4/NF‑κB signaling pathway 
molecules were elevated in HG‑induced vascular endothelial 
cells. Moreover, carvacrol significantly suppressed the levels 
of relevant markers in the TLR4/NF‑κB signaling pathway. 
These results indicated that carvacrol may protect HG‑induced 
HUVECs through inactivation of the TLR4/NF‑κB signaling 
pathway.

In conclusion, the present study demonstrated that carvacrol 
alleviated the histological abnormalities of the abdominal aorta 
in a db/db mouse model. Furthermore, the anti‑inflammatory 
effect of carvacrol was confirmed in the db/db mouse model. 
Further research into the underlying mechanism demonstrated 
that carvacrol reduced the activation of the TLR4/NF‑κB 
inflammatory response signaling pathway in vitro and in vivo. 
Thus, these findings indicated that carvacrol may reduce 
vascular inflammation and endothelial cell dysfunction, and it 
may be of value in the treatment of T2DM.
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