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Abstract: Inflammaging is a potential risk factor for cardiovascular diseases. It results in the develop-
ment of thrombosis and atherosclerosis. The accumulation of senescent cells in vessels causes vascular
inflammaging and contributes to plaque formation and rupture. In addition to being an acquired
risk factor for cardiovascular diseases, ethanol can induce inflammation and senescence, both of
which have been implicated in cardiovascular diseases. In the current study, we used colchicine to
abate the cellular damaging effects of ethanol on endothelial cells. Colchicine prevented senescence
and averted oxidative stress in endothelial cells exposed to ethanol. It lowered the relative protein
expression of aging and senescence marker P21 and restored expression of the DNA repair proteins
KU70/KU80. Colchicine inhibited the activation of nuclear factor kappa B (NFκ-B) and mitogen
activated protein kinases (MAPKs) in ethanol-treated endothelial cells. It reduced ethanol-induced
senescence-associated secretory phenotype. In summary, we show that colchicine ameliorated the
ethanol-caused molecular events, resulting in attenuated senescence and senescence-associated
secretory phenotype in endothelial cells.
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1. Introduction

Inflammaging develops in older individuals and is characterized by elevated levels of
pro-inflammatory markers in the serum and different tissues of healthy individuals [1]. In-
flammaging is considered a causal risk factor for cardiovascular diseases [1,2]. Throughout
life, senescent cells accumulate in vascular tissue, resulting in the development of inflam-
maging, which consequently leads to cardiovascular diseases [1–4]. Senescent cells have
been observed in atherosclerotic tissue, and by eliminating senescent cells, the progression
of atherosclerosis could be prevented [1,2,5]. The abolition of senescent cells has been
shown to increase lifespan and provide protection against cardiovascular and age-related
diseases in experimental animal studies [3,6].

Primary cells grow to a certain limit, after which they stop proliferating and reach
growth arrest, a phenomenon termed the Hayflick limit [4,6]. These cells are labeled
replicative senescent [4,6,7]. The senescent cells acquire a pro-inflammatory phenotype,
called senescence-associated secretory phenotype (SASP) [1,3,8]. These cells increase the
expression of cytokines, such as interleukin-1β (IL-β), IL-6, and tumor necrosis factor-
α (TNF-α); chemokines, such as monocyte chemoattractant protein-1 (MCP-1) and IL-8;
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cell adhesion molecules, such as endothelial selectin (E-selectin), intercellular adhesion
molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1); and matrix met-
alloproteinase (MMP) such as MMP-2 [1,3]. The SASP-associated molecules have been
implicated in several cardiovascular diseases, including atherosclerosis, stroke, and my-
ocardial infarction, and aneurysm formation and rupture [9–15]. The lack or inhibition of
these molecules has been shown to reduce atherosclerosis formation [11–14] and decrease
aneurysm formation and rupture [9,10,15] in different animal models. The expression of
SASP-associated molecules is regulated by P38 via nuclear factor kappa B (NF-κB) tran-
scriptional activity [3,16,17]. Previous studies have shown that inhibiting the activation of
P38 and NF-κB delayed cellular senescence and attenuated SASP [18–20].

In addition to replicative senescence, other factors such as oxidative stress, DNA dam-
age, oncogene activation or inactivation, epigenetic alterations, mitochondrial dysfunction,
and exposure to damage-associated molecular patterns (DAMPs) released by stressed cells
can also induce senescence in cells [1,6,7], contributing to hypertension, arterial stiffness,
and atherosclerosis, and thereupon leading to cardiovascular diseases [2,4,5,21]. In addition
to age, smoking, alcohol abuse, and hypertension are potential acquired risk factors for car-
diovascular diseases. Previously, ethanol has been shown to induce senescence in endothe-
lial [22] and other cell types [23,24], increase the expression of SASP molecules [22], and
activate NF-κB and mitogen-activated protein kinases (MAPKs) [23,25,26]. Colchicine is an
alkaloid known to impede inflammation and extenuate the expression of pro-inflammatory
molecules. Colchicine dampens inflammation and attenuates extracellular remodeling by
inhibiting endothelial dysfunction, platelet activation, and platelet aggregation; inhibiting
the interaction between endothelial cells and platelets, inflammatory cells and endothe-
lial cells, and platelets and inflammatory cells; and blocking NF-κB activation, resulting
in the reduced expression of inflammatory and extracellular remodeling molecules [27].
Colchicine has been used to treat gout flares, familial mediterranean fever, calcium py-
rophosphate disease, Adamantiades–Behcet’s syndrome, and pericarditis [28,29]. The
results from published trials have shown that colchicine has provided benefits against
cardiovascular diseases [27,28].

Here, we show that colchicine can reduce ethanol-induced cellular senescence and
SASP by inhibiting NFκ-B and MAPKs activation.

2. Methods
2.1. Cell Culture

In the current study, we used human umbilical vein endothelial cells (HUVECs)
purchased from Promocell (Heidelberg, Germany). The endothelial cell medium (C-
22010, Promocell, Heidelberg, Germany) was added to the endothelial cell growth factors
(C-39215, Promocell, Heidelberg, Germany) and used to maintain HUVECs. The cells
were kept at 37 degrees Celsius (◦C) in a 95% humidified atmosphere containing 5% CO2.
After thawing, the cells were seeded in a T75 cell culture flask. The cells were passaged
when they reached 90% confluency. For passaging, the cells were trypsinized at 37 ◦C
for 4 min. A total of 5000 cells/cm2 were seeded in 10 cm culture plates for protein
analysis and 6-well plates for mRNA analysis. For all experiments, endothelial cells at
passage 7 were treated with endothelial cell medium containing either 400 millimolar
(mM) ethanol (EtOH), 50 nanomolar (nM) colchicine, or 400 mM ethanol combined with
50 nM colchicine. The endothelial cells were treated with a higher concentration of
ethanol (400 mM) to induce senescence and SASP over a short period. Controls were
treated with endothelial cell medium only. For all experiments, the endothelial cells were
treated with different conditions for 24 h, with the exception of immunofluorescence
staining, for which the duration of treatment was 2 h. Colchicine was purchased from
Sigma-Aldrich, St. Louis, MO, USA (C3915).
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2.2. β-Gal Staining

β-Galactosidase (β-Gal) Reporter Gene Staining Kit (Sigma-Aldrich, St. Louis, MO,
USA) was used for the detection of β-Gal expression. The manufacturer’s instructions
were followed to stain the endothelial cells treated for 24 h with different conditions, as
described in the Section 2.1. The fixation buffer provided with β-Galactosidase Reporter
Gene Staining Kit was used to fix the treated cells. The fixed cells were incubated with the
freshly prepared staining solution at 37 ◦C for 7 h. After that, the staining solution was
removed, and the 70% glycerol solution was used to overlay the cells for storage at 4 ◦C.
Using optical microscope, the images were captured. To count the stained cells, ImageJ
1.53c (National Institute of Health, Bethesda, MD, USA) was used. For the experiment,
biological triplicates were used.

2.3. Immunofluorescence Staining

Immunofluorescence staining was performed as previously described [22]. After
three washing steps with phosphate-buffered saline (PBS) (Thermo Fisher, Waltham,
MA, USA), the endothelial cells were fixed with 4% paraformaldehyde (Thermo Fisher,
Waltham, MA, USA) for 15 min. For permeabilization, the cells were incubated with
0.2% Triton™ X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 10 min. Subsequently, the
cells were treated with 5% bovine serum albumin (BSA) (VWR, Langenfeld, Germany)
blocking solution for 1 h at room temperature (RT). After that, the cells were incubated
with primary antibody 8-Hydroxydesoxyguanosin (8-OHDG) (1:500, Cat. No.: BSS-BS-
1278R, BIOSS, Woburn, MA, USA) at 4 ◦C overnight. On the following day, the cells
were washed three times with PBS and incubated with the secondary antibody (1:1000,
Alexa Fluor 488, excitation 495 nm, emission 519 nm, Cat. No.: A48269, Thermo Fisher,
Waltham, MA, USA) for 1 h at RT. SlowFade® Gold Antifade Mountant with DAPI (Cat.
No.: S36938, Thermo Fisher, Waltham, MA, USA) was used for nuclear staining. The
images were captured at 20× magnification. The images were analyzed with ImageJ.

2.4. Western Blot (WB)

For protein analysis, the endothelial cells were treated with different conditions, as
described in the Section 2.1 for 24 h. Radioimmunoprecipitation assay buffer was used for
total protein extraction. DC protein Assay Kit (500-0116, Bio-Rad, Hercules, CA, USA) was
used according to the manufacturer’s instructions to measure total protein concentration
with the Paradigm micro-plate reader (Beckman Coulter, Krefeld, Germany). An amount of
25 microgram (µg) total protein in reducing conditions was loaded on 12% sodium dodecyl
sulfate-polyacrylamide gel. The running conditions were 60 Volts for 20 min, followed by
110 Volts for 30–60 min. The polyvinylidene difluoride membranes were used for transfer
at 250 milliampere for 120 min. The membranes were blocked with 5% BSA (0.05% tris
buffered saline with tween (TBST)) for 1 h. Subsequently, membranes were incubated
overnight at 4 ◦C with primary antibodies (Supplementary Table S1) and diluted in 5%
BSA (0.05% TBST) on a shaking platform. On the next day, membranes were washed three
times with TBST for 10 min. The membranes were incubated with secondary antibodies
(Supplementary Table S1) at RT for 1 h. α-Tubulin was used as a loading control for all
proteins except phosphorylated c-Jun N-terminal kinase (p-JNK), for which β-actin was
used as the loading control. α-tubulin and β-actin were probed on different membranes.
The probed WB membranes were scanned using Odyssey CLx Imaging system (LI-COR
Biosciences, Lincoln, NE, USA). The untrimmed images of membranes have been provided
in the Supplementary Material. ImageJ was used to calculate densitometry.

2.5. Quantitative Polymerase Chain Reaction (qPCR)

qPCR was performed as previously described [22]. Tri Reagent (T9424, Sigma-Aldrich,
St. Louis, MO, USA) was used to extract total RNA. M-MLV Reverse Transcriptase kit
(M1701, Promega, Walldorf, Germany) mixed with RiboLock RNase Inhibitor (EO0384,
Thermo Fisher, Waltham, MA, USA) and Random Hexamer Primers (48190011, Thermo
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Fisher, Waltham, MA, USA) was used to reverse transcribe 1.2 µg total RNA. AceQ SYBR
qPCR Master Mix (Q111-03, Vayzme, Nanjing, China) was used to perform qPCR on
BIO-Rad CFX Connect Real-Time PCR System. The primer sequences are provided in
Supplementary Table S2. The qPCR protocol was an initial denaturation of 95 ◦C for 8 min,
followed by 45 cycles of 95 ◦C for 15 s, 58.9 ◦C for 30 s, and 72 ◦C for 30 s, which was then
followed by a melting curve. β-actin was used for normalizing to calculate relative mRNA
expression. To quantify relative mRNA expression, comparative CT method was used [30].
For the experiment, biological triplicates were used. For each biological replicate, we used
three technical triplicates.

2.6. Statistical Analysis

For statistical analysis, we performed one-way analysis of variance (ANOVA) followed
by Tukey’s test. The level of significance was set to less than 0.05 (* p < 0.05).

3. Results
3.1. Colchicine Inhibited Ethanol-Induced Senescence

Ethanol is a known risk factor for cardiovascular diseases. We have already
reported that ethanol increases cellular senescence in endothelial cells [22]. To inves-
tigate the effects of colchicine, we treated endothelial cells with either an endothe-
lial cell medium alone (control) or an endothelial cell medium combined with either
400 mM ethanol, 50 nM colchicine, or 400 mM ethanol combined with 50 nM colchicine.
After 24 h, we performed β-gal staining. Colchicine inhibited ethanol-induced cel-
lular senescence in endothelial cells and lowered the percentage of β-gal positive
cells (control = 11.01 ± 1.772%, EtOH = 37.21 ± 1.761%, colchicine = 10.76 ± 2.820%,
EtOH + colchicine = 16.22 ± 2.630%, **** p < 0.0001, n = 3; Figure 1A,B). Next, we in-
vestigated the effect of colchicine on aging-associated biomarkers. Colchicine attenuated
the relative protein expression of aging-associated biomarker P21 (control = 1.003 ± 0.018,
EtOH = 2.398 ± 0.068, colchicine = 0.830 ± 0.060, EtOH + colchicine = 1.468 ± 0.075,
**** p < 0.0001, n = 3; Figure 1C,D). P21 is a cyclin-dependent kinase (CDK) inhibitor, which
establishes indefinite cell cycle arrest via the inhibition of CDK-2/4 [21]. The CDK-2/4
inhibition results in the active hypo-phosphorylated form of retinoblastoma protein, which,
in turn, mediates cell cycle arrest and senescence phenotypes [21]. Colchicine also recov-
ered the relative protein expression of DNA repair proteins KU70 (control = 1.000 ± 0.066,
EtOH = 0.856 ± 0.060, colchicine = 0.995 ± 0.040, EtOH + colchicine = 0.995 ± 0.040, * p < 0.05,
** p < 0.01, n = 3; Figure 1C,E) and KU80 (control = 1.000 ± 0.072, EtOH = 0.838 ± 0.069,
colchicine = 1.065 ± 0.004, EtOH + colchicine = 1.097 ± 0.058, * p < 0.05, n = 3, Figure 1C,F).
The reduced expression of KU70 and KU80 has been observed in senescent cells compared
to young cells [31]. KU70 and KU80 form a heterodimer and repair DNA double-strand
breaks via a nonhomologous end-joining pathway [32]. KU70 and KU80 maintain telomere
length, and the inactivation of KU70 and KU80 results in the shortening of telomere length
in various primary cell types [33], leading to cellular senescence. Furthermore, KU80 has
been shown to hinder oxidative stress-induced DNA damage [34].

Colchicine inhibited ethanol-induced endothelial senescence, ameliorated the relative
protein expression of aging-associated biomarker P21, and restored the relative protein
expression of the DNA repair proteins KU70 and KU80.

3.2. Colchicine Averted Ethanol-Induced Oxidative Stress in Endothelial Cells

The metabolism of ethanol produces reactive oxygen species (ROS) and reactive
nitrogen species, resulting in increased oxidative stress [35]. Colchicine inhibited
ethanol-induced oxidative stress in endothelial cells and lowered the percentage of
oxidative stress-associated biomarker 8-OHDG positive cells (control = 8.569 ± 4.573%,
EtOH = 48.62 ± 10.74%, colchicine = 8.553 ± 3.115%, EtOH + colchicine = 13.60 ± 6.001%,
*** p = 0.001, n = 3; Figure 2). Colchicine obviated oxidative stress in ethanol-treated
endothelial cells, which is in accordance with the previously reported findings [36,37].
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Western blot showing protein expression of P21, KU80, and KU70. (D) Colchicine attenuated the 
relative protein expression of P21 in endothelial cells after ethanol exposure. (E,F) Colchicine recov-
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Figure 1. Colchicine inhibited endothelial senescence and restored the relative protein expression
of aging-associated biomarkers. (A) Senescence in endothelial cells after 24 h of treatment with
different conditions. (B) Colchicine subdued ethanol (EtOH)-induced senescence in endothelial cells.
(C) Western blot showing protein expression of P21, KU80, and KU70. (D) Colchicine attenuated
the relative protein expression of P21 in endothelial cells after ethanol exposure. (E,F) Colchicine
recovered the relative protein expression of KU70 and KU80 in endothelial cells treated with ethanol.
α-Tubulin was used as a loading control. Data are the mean of independent biological triplicates. The
data was analyzed by performing one-way ANOVA followed by Tukey’s test. Scale bar = 100 µm;
error bars represent the SD (**** p < 0.0001, ** p < 0.01, and * p < 0.05).
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Figure 3A,B). Colchicine also abated the NF-κB activation, and reduced the relative pro-
tein expression of NF-κB subunit p-P65 (control = 0.9999 ± 0.083, EtOH = 2.580 ± 0.1417, 
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3A,C) and p-P65/P65 (control = 1.002 ± 0.107, EtOH = 2.208 ± 0.208, colchicine = 1.285 ± 

Figure 2. Colchicine restrained ethanol-induced oxidative stress in endothelial cells. (A) Immunoflu-
orescence staining for oxidative stress marker 8-Hydroxydesoxyguanosin (8-OHDG) in endothelial
cells 2 h after treatment with ethanol, colchicine, and ethanol combined with colchicine. Endothelial
medium alone was used for untreated control. (B) Colchicine averted the expression of 8-OHDG in
ethanol-treated cells. The experiment was performed with independent biological triplicates. The
data was analyzed by performing one-way ANOVA followed by Tukey’s test. Scale bar = 100 µm;
error bars represent the SD (*** p < 0.001).

3.3. Colchicine Suppressed the Activation of NF-κB and MAPKs in Ethanol-Treated
Endothelial Cells

To investigate the pathways of interest, we performed a protein analysis. NFκ-B
has been suggested to play an important role in inflammation, aging, and cellular
senescence [8,19]. Our protein analysis showed that colchicine inhibited the ethanol-
induced relative protein expression of NF-κB subunit P65 (control = 1.000 ± 0.038,
EtOH = 1.172 ± 0.049, colchicine = 1.019 ± 0.034, EtOH + colchicine = 1.053 ± 0.019,
* p < 0.05, ** p < 0.01, n = 3; Figure 3A,B). Colchicine also abated the NF-κB activation, and
reduced the relative protein expression of NF-κB subunit p-P65 (control = 0.9999 ± 0.083,
EtOH = 2.580 ± 0.1417, colchicine = 1.310 ± 0.0488, EtOH + colchicine = 1.506 ± 0.0444,
**** p < 0.0001, n = 3; Figure 3A,C) and p-P65/P65 (control = 1.002± 0.107, EtOH = 2.208 ± 0.208,
colchicine = 1.285 ± 0.014, EtOH + colchicine = 1.431 ± 0.037, *** p < 0.001, **** p < 0.0001,
n = 3; Figure 3A,D) was significantly reduced after colchicine treatment in ethanol-treated
endothelial cells.
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Figure 3. Colchicine inhibited nuclear factor kappa B (NF-κB) activation: (A) Western blots for
proteins of P65 and p-P65. Colchicine obviated the relative protein expression of (B) P65 and
(C) p-P65 in ethanol-treated endothelial cells. (D) The ratio of p-P65/P65 was significantly decreased
in ethanol-treated endothelial cells exposed to colchicine. α-Tubulin was used as loading control.
Biological triplicates were used for the experiment. Data was analyzed by performing one-way
ANOVA followed by Tukey’s test. Error bars represent the SD (**** p < 0.0001, *** p < 0.001, ** p < 0.01,
and * p < 0.05).

It has previously been reported that ethanol activates MAPKs [25] and MAPKs
have been implicated in cellular senescence. The protein analysis showed that colchicine
impeded the ethanol-induced activation of MAPKs: the relative protein expression
of p-P38 (control = 0.9988 ± 0.050, EtOH = 1.553 ± 0.098, colchicine = 0.814 ± 0.103,
EtOH + colchicine = 1.070 ± 0.051, *** p <= 0.001, **** p < 0.0001, n = 3; Figure 4A,B), phos-
phorylated extracellular signal-regulated protein kinase (p-ERK) (control = 1.001 ± 0.1834,
ETOH = 2.667 ± 0.4533, colchicine = 0.7198 ± 0.0671, EtOH + colchicine = 1.566 ± 0.1465,
** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 3; Figure 4A,C), and p-JNK (control = 1.000 ± 0.039,
EtOH = 1.088 ± 0.035, colchicine = 0.899 ± 0.005, EtOH + colchicine = 0.976 ± 0.017,
* p < 0.05, ** p < 0.01, *** p < 0.001, n = 3; Figure 4A,D).



Antioxidants 2023, 12, 960 8 of 16Antioxidants 2023, 12, x FOR PEER REVIEW 8 of 17 
 

 
Figure 4. Colchicine inhibited mitogen activated protein kinases (MAPKs) activation: (A) Western 
blots for proteins of p-P38, phosphorylated extracellular signal-regulated protein kinase (p-ERK), 
and phosphorylated c-Jun N-terminal kinase (p-JNK). Colchicine averted relative protein expres-
sion of (B) p-P38, (C) p-ERK, and (D) p-JNK in ethanol-treated endothelial cells. α-Tubulin was used 
as a loading control for all proteins expression except p-JNK. β-actin was used as a loading control 
for only p-JNK on a separate membrane. The experiment was performed with independent biolog-
ical triplicates. The data was analyzed by performing one-way ANOVA followed by Tukey’s test. 
Error bars represent the SD (**** p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05). 

3.4. Colchicine Ameliorated Ethanol-Induced SASP in Endothelial Cells 
Senescent cells acquire SASP, which is characterized by the increased expression and 

release of inflammatory cytokines, chemokines, proteases, and growth factors [1,3,8]. Be-
cause colchicine inhibited senescence and senescence-associated pathways in ethanol-
treated endothelial cells (Figures 1, 3 and 4), we investigated the relative mRNA expres-
sion of SASP-associated cytokines, chemokines, and cell adhesion molecules. Colchicine 
curtailed the relative mRNA expression of the cytokines IL-1β (control = 1.067 ± 0.4931, 
EtOH = 4.146 ± 0.9146, colchicine = 0.7295 ± 0.1732, EtOH + colchicine = 0.3203 ± 0.09465, 
*** p < 0.001, **** p < 0.0001, n = 3; Figure 5A) and TNF-α (control = 1.023 ± 0.2783, EtOH = 
2.089 ± 0.2934, colchicine = 0.5135 ± 0.0654, EtOH + colchicine = 0.6711 ± 0.2300, ** p < 0.01, 

Figure 4. Colchicine inhibited mitogen activated protein kinases (MAPKs) activation: (A) Western
blots for proteins of p-P38, phosphorylated extracellular signal-regulated protein kinase (p-ERK), and
phosphorylated c-Jun N-terminal kinase (p-JNK). Colchicine averted relative protein expression of
(B) p-P38, (C) p-ERK, and (D) p-JNK in ethanol-treated endothelial cells. α-Tubulin was used as a
loading control for all proteins expression except p-JNK. β-actin was used as a loading control for
only p-JNK on a separate membrane. The experiment was performed with independent biological
triplicates. The data was analyzed by performing one-way ANOVA followed by Tukey’s test. Error
bars represent the SD (**** p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05).

3.4. Colchicine Ameliorated Ethanol-Induced SASP in Endothelial Cells

Senescent cells acquire SASP, which is characterized by the increased expres-
sion and release of inflammatory cytokines, chemokines, proteases, and growth fac-
tors [1,3,8]. Because colchicine inhibited senescence and senescence-associated path-
ways in ethanol-treated endothelial cells (Figures 1, 3 and 4), we investigated the
relative mRNA expression of SASP-associated cytokines, chemokines, and cell adhe-
sion molecules. Colchicine curtailed the relative mRNA expression of the cytokines
IL-1β (control = 1.067 ± 0.4931, EtOH = 4.146 ± 0.9146, colchicine = 0.7295 ± 0.1732,
EtOH + colchicine = 0.3203 ± 0.09465, *** p < 0.001, **** p < 0.0001, n = 3; Figure 5A) and
TNF-α (control = 1.023 ± 0.2783, EtOH = 2.089 ± 0.2934, colchicine = 0.5135 ± 0.0654,
EtOH + colchicine = 0.6711 ± 0.2300, ** p < 0.01, *** p < 0.001, n = 3; Figure 5C). It also re-
duced the relative mRNA expression of the chemokines IL-8 (control = 1.004 ± 0.1091,
EtOH = 2.398 ± 0.1235, colchicine = 0.9490 ± 0.0410, EtOH + colchicine = 0.9802 ± 0.0586,
**** p < 0.0001, n = 3; Figure 5D) and MCP-1 (control = 1.013 ± 0.2085, EtOH = 3.341 ± 0.5194,
colchicine = 0.7364 ± 0.1053, EtOH + colchicine = 0.4826 ± 0.1187, **** p < 0.0001, n = 3;
Figure 5E). Finally, it decreased the relative mRNA expression of the cell adhesion molecules



Antioxidants 2023, 12, 960 9 of 16

ICAM-1 (control = 1.009 ± 0.1649, EtOH = 3.871 ± 0.2693, colchicine = 0.5126 ± 0.1318,
EtOH + colchicine = 1.767 ± 1.133, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 3; Figure 5F)
and E-Selectin (control = 1.012 ± 0.1944, EtOH = 2.645 ± 0.3812, colchicine = 0.5963 ± 0.0850,
EtOH + colchicine = 1.366 ± 0.3571, ** p < 0.01 *** p < 0.001, **** p < 0.0001, n = 3;
Figure 5H). Ethanol did not significantly increase the relative mRNA expression of
IL-6 (control = 1.024 ± 0.2673, EtOH = 3.092 ± 0.8467, colchicine = 0.4912 ± 0.1902,
EtOH + colchicine = 1.756 ± 1.660, * p < 0.05, n = 3; Figure 5B) or VCAM-1 (control = 1.028 ± 0.3069,
EtOH = 2.108 ± 0.7257, colchicine = 1.004 ± 0.2258, EtOH + colchicine = 0.6622 ± 0.1701,
* p < 0.05, n = 3; Figure 5G). In conclusion, colchicine reduced the relative mRNA ex-
pression of SASP-associated cytokines, chemokines, and cell adhesion molecules in
endothelial cells exposed to ethanol.
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Figure 5. Colchicine attenuated the relative mRNA expression of SASP-associated inflammatory
markers. Colchicine reduced the relative mRNA expression of (A) interleukin (IL)-1β, (C) tumor
necrosis factor-α (TNF-α), (D) IL-8, (E) monocyte chemoattractant protein-1 (MCP-1), (F) intercellular
adhesion molecule-1 (ICAM-1), and (H) endothelial selectin (E-Selectin) in ethanol-treated endothelial
cells. Ethanol did not significantly increase the relative mRNA expression of (B) IL-6 or (G) vascular
cell adhesion molecule-1 (VCAM-1). Colchicine significantly lowered the relative mRNA expression
of VCAM-1 in ethanol-treated endothelial cells. β-actin was used as a loading control. qPCR data are
the mean of three independent technical replicates. The data was analyzed by performing one-way
ANOVA followed by Tukey’s test. Error bars represent the SD (**** p < 0.0001, *** p < 0.001, ** p < 0.01,
and * p < 0.05), ns: not significant.

3.5. Colchicine Mitigated Ethanol-Induced Relative mRNA and Relative Protein Expression
of MMP-2

Colchicine did not decrease the ethanol-induced relative mRNA expression of
MMP-1 (control = 1.000 ± 0.0285, ETOH = 2.617 ± 0.6381, colchicine = 1.847 ± 0.3830,
EtOH + colchicine = 3.069± 0.9726, * p < 0.05, n = 3; Figure 6A) or MMP-11 (control = 1.003 ± 0.0929,
ETOH = 3.795 ± 1.136, colchicine = 0.5490 ± 0.2415, EtOH + colchicine = 2.214 ± 1.214,
* p < 0.05, ** p < 0.01, n = 3; Figure 6D). Both ethanol and colchicine alone or in combination
did not significantly affect the relative mRNA expression of MMP-10 (control = 1.003 ± 0.0932,
EtOH = 1.686 ± 0.0314, colchicine = 2.585 ± 0.8815, EtOH + colchicine = 1.693 ± 0.3770,
n = 3; Figure 6C) or TIMP2 (control = 1.004 ± 0.1296, ETOH = 1.775 ± 0.3543,
colchicine = 0.8472 ± 0.3676, EtOH + colchicine = 1.165 ± 0.7765, n = 3; Figure 6F).
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Colchicine inhibited the ethanol-induced relative mRNA expression of TIMP1
(control = 1.001 ± 0.04815, EtOH = 1.773 ± 0.1194, colchicine = 0.5182 ± 0.0901,
EtOH + colchicine = 0.7562 ± 0.02403, **** p < 0.0001, n = 3; Figure 6E) and MMP-2
(control = 1.000 ± 0.0212, EtOH = 2.761 ± 0.3196, colchicine = 0.6408 ± 0.0545,
EtOH + colchicine = 1.591 ± 0.3091, *** p < 0.001, **** p < 0.0001, n = 3; Figure 6B).
Colchicine also attenuated the relative protein expression of MMP-2 (control = 1.00 ± 0.127,
EtOH = 5.161 ± 0.356, colchicine = 2.102 ± 0.381, EtOH + colchicine = 3.102 ± 0.177,
**** p < 0.0001, n = 3; Figure 6G,H).
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Figure 6. Colchicine abated the relative mRNA and relative protein expression of matrix metallo-
proteinase (MMP)2. Colchicine did not ameliorate the relative mRNA expression of (A) MMP1 or
(D) MMP-11. Ethanol and colchicine did not alter the relative mRNA expression of (C) MMP-10 or
(F) tissue inhibitor of metalloproteinase (TIMP)2. Colchicine attenuated relative mRNA expression of
(E) TIMP1 and (B) MMP-2 and relative protein expression of (G,H) MMP-2 in ethanol-treated cells.
β-actin for qPCR and α-tubulin for WB were used as a loading control. qPCR data are the mean
of three independent technical replicates and WB data are the mean of the independent biological
triplicates. The data was analyzed by performing one-way ANOVA followed by Tukey’s test. Error
bars represent the SD (**** p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05), ns: not significant.
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4. Discussion

We showed that colchicine averted cellular senescence and SASP in ethanol-treated
endothelial cells. The pathway analysis showed that colchicine inhibited the activation of
NF-κB, P38, ERK, and JNK pathways in endothelial cells exposed to ethanol. Ethanol is a
potential risk factor for cardiovascular diseases. We, in addition to other researchers, have
previously reported that alcohol causes cellular senescence [22,23]. Cellular senescence
contributes to cardiovascular diseases via the increase in inflammaging in the vascular
endothelium [1–4]. In the current study, we investigated the effects of colchicine on ethanol-
treated endothelial cells.

The ethanol treatment induced cellular senescence in endothelial cells (Figure 1) [22–24].
Colchicine inhibited cellular senescence and attenuated oxidative stress in ethanol-
treated endothelial cells (Figures 1 and 2). Previously, colchicine has been shown to exert
anti-oxidative effects by upregulating the expression of anti-oxidant enzymes such as
CAT, GPx-1, and SOD2 in platelets [38]. Ethanol metabolism results in the formation of
ROS, which leads to an increase in oxidative stress [35]. The over-accumulation of ROS
causes DNA damage and triggers cellular senescence. Colchicine, by inhibiting ROS
generation in vivo and in vitro [36–38], can decrease oxidative stress and DNA damage.
DNA damage and oxidative stress can activate NF-κB and MAPKs [8,39]. In addition
to this, ethanol can activate NF-κB and MAPKs via TLR4/Type I IL-1 receptor signal-
ing [25]. The pathway analysis showed that ethanol activated NF-κB, P38, JNK, and
ERK pathways in HUVECs (Figures 3 and 4), which is in agreement with the previously
reported findings [22,23,25,26]. These pathways modulate inflammation, contribute to
cellular senescence [8,20,39–41], and increase the transcription and expression of cell
cycle inhibitor protein P21 via different mechanisms [39,42–46]. The NF-κB activation
enhanced the expression of cell cycle inhibitor P21 in response to DNA damage that was
independent of the P53 pathway [42]. P38 increases P21 expression by enhancing the
expression, stabilization, and promoter activity of P53 [43,44]. Moreover, P38 phospho-
rylates HuR, which, in turn, increases the cytoplasmic accumulation of HuR and the
binding of HuR to P21, consequently improving the stability of P21 mRNA and, thus,
enhancing P21 protein levels [45]. ERK1/2 promotes the transcription of P21 via the
ELK1, SP1 and SMAD proteins [39,46]. The inhibition of NF-κB and MAPKs activation
delayed cellular senescence [18–20], suggesting that inflammation can induce premature
senescence in endothelial cells. Colchicine inhibited ethanol-induced senescence by
attenuating oxidative stress, recovering the protein expression of KU70 and KU80, ame-
liorating P21 protein expression, and inhibiting the NF-κB, P38, ERK, and JNK pathways
in endothelial cells.

Because Colchicine attenuated ethanol-induced senescence and inhibited the ethanol-
induced activation of pro-inflammatory pathways, we investigated the effect of colchicine
on SASP-associated cytokines (IL-1β, IL-6, and TNF-α), chemokines (IL-8 and MCP-1),
and cell adhesion molecules (ICAM-1, VCAM-1, and E-Selectin) [1,3,8]. Colchicine inhib-
ited the expression of these SASP-associated pro-inflammatory molecules (Figure 5) [38,47,48].
This pro-inflammatory response in senescent and dysfunctional endothelial cells is reg-
ulated by the NF-κB complex [3,8]. MAPKs have been suggested to be the upstream
regulators of NF-κB [16]. P38 controls NF-κB activity in senescent cells and it induces
SASP by increasing the mRNA expression of SASP molecules primarily via NF-κB
transcriptional activity [3,16,17].

Senescent endothelial cells promote atherosclerosis and thrombosis by the increased
expression and release of SASP-associated inflammatory factors and chemokines [3,8].
MCP-1, IL-8, and cell adhesion molecules E-selectin, VCAM-1, and ICAM-1 promote the ex-
travasation of inflammatory cells from the blood stream across the endothelium [13,49–51].
These infiltrated inflammatory cells create a pro-inflammatory microenvironment, exacer-
bate inflammation, and lead to atherosclerotic plaque formation [50]. Colchicine reduced
the adhesion of monocytes to HUVECs by inhibiting the expression of adhesion molecules
VCAM-1 and ICAM-1 [38]. Colchicine decreased the recruitment of monocytes and neu-
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trophils into the atherosclerotic plaque of mice aorta [47]. In addition to their role in the
tissue infiltration of inflammatory cells, the SASP-associated molecules have the potential to
activate the inflammatory cells [49,50]. MCP-1 activates immune cells, such as monocytes,
and regulates the polarization of T-cells and the differentiation of monocytes into dendritic
cells [50]. IL-1β and TNF-α released from senescent endothelial cells can activate inflamma-
tory cells, neighboring endothelial and smooth muscle cells [52,53]. Both IL-1β and TNF-α
have been shown to decrease collagen synthesis and increase the mRNA expression and
activity of MMPs [54], which can consequently result in tissue remodeling [55,56]. The
TNF-α-induced phenotype switch in smooth muscle cells can impair vasorelaxation [52].
TNF-α can cause endothelial cell apoptosis and smooth muscle cell proliferation and mi-
gration [53,57], leading to the initiation and progression of cardiovascular diseases. TNF-α
increased the expression of E-selectin, VCAM-1, and ICAM-1 in HUVECs [58]. Colchicine
reduced TNF-α, IL-1β, MCP-1, and ICAM-1 expression at mRNA and protein levels in vivo
and in vitro [38,47,48]. Cerebral aneurysm formation and rupture were significantly re-
duced in MCP1-, TNF-α-, and TNF-α-R1 deficient mice [9,10,15]. The lack of MCP-1,
MCP-1 receptor CCR2 inhibition, IL-1β deficiency, and TNF-α inhibition have been shown
to decrease atherosclerosis formation [11–14]. The rupture of atherosclerotic plaque leads to
thrombus formation. The aggregation, activation, and inflammatory response of platelets
is known to play a key role in atherosclerosis and thrombus formation [59]. Colchicine
blocked platelet–platelet aggregation in both whole blood and platelet-rich plasma, platelet
activation (ROS generation), and procoagulant platelet formation [37,38,60]. The addition
of colchicine in whole blood, in vitro, and in oral administration in healthy subjects, in vivo,
decreased monocyte-platelet and neutrophil-platelet aggregation [60]. Colchicine has been
shown to reduce NETs formation [61], which has been suggested to contribute to thrombo-
sis by accumulating prothrombotic factors such as fibrinogen and von Willebrand factor,
and by promoting platelet adhesion, activation, and aggregation [62]. In mice, colchicine
inhibited carrageenan-induced thrombosis and ameliorated platelet activation [38]. The
authors also showed that colchicine dampened human platelet activation by inhibiting the
activation of AKT pathway, which subsequently blocked ERK1/2 activation [38]. These
findings indicate that colchicine, by inhibiting senescence and curtailing SASP-induced
sterile inflammation in the endothelium, can be potentially useful against cardiovascular
diseases [27,28].

Previous studies have shown that senescent cells increase the expression of MMPs [1,3,8,21].
In addition, ethanol has been shown to increase the expression of MMPs in endothe-
lial [22] and other cell types [63]. Alcohol consumption has been reported to increase
serum levels of MMPs in alcohol abusers [64] and, in animal studies, alcohol elevated
MMP expression in different tissues [65–67]. In the current study, ethanol increased the
expression of MMPs (Figure 6). Colchicine inhibited the expression of MMP-2 at mRNA
and protein levels (Figure 6). MMPs are known to contribute to cardiovascular diseases
via tissue remodeling and scar formation, facilitating the migration and proliferation of
smooth muscle cells, the infiltration of inflammatory cells such as monocytes and neu-
trophils into the endothelium, and promoting inflammation via their protease function
on cytokines and chemokines [55,56]. These findings suggest that, by inhibiting MMP-2
mRNA and protein expression, colchicine can potentially suppress tissue remodeling
and MMP-2-mediated inflammation in endothelial cells.

5. Conclusions

Alcohol is a potential risk factor for cardiovascular diseases. In the current study,
we showed that ethanol induced premature senescence and SASP. Colchicine reduced
ethanol-induced inflammaging in HUVECs possibly by inhibiting the activation of the
NF-kB and MAPKs pathways. Thus, colchicine could be a potential pharmacological target
for cardiovascular diseases.
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6. Limitations

Our study has some limitations. The exposure of the endothelial cells to ethanol, for
example, was acute and not chronic. The concentration of ethanol (400 mM) used was much
higher and the ethanol evaporation from culture media was not prevented. This higher
concentration of ethanol was used to induce senescence and SASP in endothelial cells over
a short period. Moreover, the study was conducted using endothelial cells in vitro. In
addition, we used HUVECs as endothelial cells. The data should be carefully interpreted.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox12040960/s1, Supplementary Table S1. The list of antibodies
used in the study. Supplementary Table S2. The list of primers.

Author Contributions: Conceptualization, D.K. and S.M.; Investigation, H.Z. and D.K.; Methodology,
H.Z. and D.K.; Project administration, D.K. and S.M.; Resources, S.M. and N.G.; Writing—original
draft, H.Z. and D.K.; Writing—review and editing, N.G., C.H., M.R., J.F.C. and S.M. All authors have
read and agreed to the published version of the manuscript.

Funding: The current study was supported by Forschungskommission HHU Düsseldorf, Stiftung
Neurochirurgische Forschung (DGNC), EANS Research Funds, BMBF, to S. Muhammad and
by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) Grant No.
397484323–CRC/TRR259; project A05 to N. Gerdes.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable. The study did not involve human.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ferrucci, L.; Fabbri, E. Inflammageing: Chronic inflammation in ageing, cardiovascular disease, and frailty. Nat. Rev. Cardiol.

2018, 15, 505–522. [CrossRef]
2. Ungvari, Z.; Tarantini, S.; Donato, A.J.; Galvan, V.; Csiszar, A. Mechanisms of Vascular Aging. Circ. Res. 2018, 123, 849–867.

[CrossRef]
3. Sun, Y.; Wang, X.; Liu, T.; Zhu, X.; Pan, X. The multifaceted role of the SASP in atherosclerosis: From mechanisms to therapeutic

opportunities. Cell Biosci. 2022, 12, 74. [CrossRef]
4. Katsuumi, G.; Shimizu, I.; Yoshida, Y.; Minamino, T. Vascular Senescence in Cardiovascular and Metabolic Diseases. Front.

Cardiovasc. Med. 2018, 5, 18. [CrossRef]
5. Owens, W.A.; Walaszczyk, A.; Spyridopoulos, I.; Dookun, E.; Richardson, G.D. Senescence and senolytics in cardiovascular

disease: Promise and potential pitfalls. Mech. Ageing Dev. 2021, 198, 111540. [CrossRef]
6. Song, S.; Tchkonia, T.; Jiang, J.; Kirkland, J.L.; Sun, Y. Targeting Senescent Cells for a Healthier Aging: Challenges and Opportuni-

ties. Adv. Sci. Weinh. 2020, 7, 2002611. [CrossRef]
7. Frej, F.; Peter, M.N. Chapter 20—Telomere Biology and Vascular Aging. In Early Vascular Aging (EVA); Nilsson, P.M., Olsen, M.H.,

Laurent, S., Eds.; Academic Press: Boston, MA, USA, 2015; pp. 201–211.
8. Haga, M.; Okada, M. Systems approaches to investigate the role of NF-kappaB signaling in aging. Biochem. J. 2022, 479, 161–183.

[CrossRef]
9. Aoki, T.; Fukuda, M.; Nishimura, M.; Nozaki, K.; Narumiya, S. Critical role of TNF-alpha-TNFR1 signaling in intracranial

aneurysm formation. Acta Neuropathol. Commun. 2014, 2, 34. [CrossRef]
10. Aoki, T.; Kataoka, H.; Ishibashi, R.; Nozaki, K.; Egashira, K.; Hashimoto, N. Impact of monocyte chemoattractant protein-1

deficiency on cerebral aneurysm formation. Stroke 2009, 40, 942–951. [CrossRef]
11. Bot, I.; Ortiz Zacarias, N.V.; de Witte, W.E.; de Vries, H.; van Santbrink, P.J.; van der Velden, D.; Kroner, M.J.; van der Berg, D.J.;

Stamos, D.; de Lange, E.C.; et al. A novel CCR2 antagonist inhibits atherogenesis in apoE deficient mice by achieving high
receptor occupancy. Sci. Rep. 2017, 7, 52. [CrossRef]

12. Branen, L.; Hovgaard, L.; Nitulescu, M.; Bengtsson, E.; Nilsson, J.; Jovinge, S. Inhibition of tumor necrosis factor-alpha reduces
atherosclerosis in apolipoprotein E knockout mice. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 2137–2142. [CrossRef]

13. Gu, L.; Okada, Y.; Clinton, S.K.; Gerard, C.; Sukhova, G.K.; Libby, P.; Rollins, B.J. Absence of monocyte chemoattractant protein-1
reduces atherosclerosis in low density lipoprotein receptor-deficient mice. Mol. Cell 1998, 2, 275–281. [CrossRef]

14. Kirii, H.; Niwa, T.; Yamada, Y.; Wada, H.; Saito, K.; Iwakura, Y.; Asano, M.; Moriwaki, H.; Seishima, M. Lack of interleukin-1beta
decreases the severity of atherosclerosis in ApoE-deficient mice. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 656–660. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox12040960/s1
https://www.mdpi.com/article/10.3390/antiox12040960/s1
https://doi.org/10.1038/s41569-018-0064-2
https://doi.org/10.1161/CIRCRESAHA.118.311378
https://doi.org/10.1186/s13578-022-00815-5
https://doi.org/10.3389/fcvm.2018.00018
https://doi.org/10.1016/j.mad.2021.111540
https://doi.org/10.1002/advs.202002611
https://doi.org/10.1042/BCJ20210547
https://doi.org/10.1186/2051-5960-2-34
https://doi.org/10.1161/STROKEAHA.108.532556
https://doi.org/10.1038/s41598-017-00104-z
https://doi.org/10.1161/01.ATV.0000143933.20616.1b
https://doi.org/10.1016/S1097-2765(00)80139-2
https://doi.org/10.1161/01.ATV.0000064374.15232.C3


Antioxidants 2023, 12, 960 14 of 16

15. Starke, R.M.; Chalouhi, N.; Jabbour, P.M.; Tjoumakaris, S.I.; Gonzalez, L.F.; Rosenwasser, R.H.; Wada, K.; Shimada, K.; Hasan,
D.M.; Greig, N.H.; et al. Critical role of TNF-alpha in cerebral aneurysm formation and progression to rupture. J. Neuroinflamm.
2014, 11, 77. [CrossRef]

16. Saha, R.N.; Jana, M.; Pahan, K. MAPK p38 regulates transcriptional activity of NF-kappaB in primary human astrocytes via
acetylation of p65. J. Immunol. 2007, 179, 7101–7109. [CrossRef]

17. Freund, A.; Patil, C.K.; Campisi, J. p38MAPK is a novel DNA damage response-independent regulator of the senescence-associated
secretory phenotype. EMBO J. 2011, 30, 1536–1548. [CrossRef]

18. Tilstra, J.S.; Robinson, A.R.; Wang, J.; Gregg, S.Q.; Clauson, C.L.; Reay, D.P.; Nasto, L.A.; St Croix, C.M.; Usas, A.; Vo, N.; et al.
NF-kappaB inhibition delays DNA damage-induced senescence and aging in mice. J. Clin. Investig. 2012, 122, 2601–2612.
[CrossRef]

19. Garcia-Garcia, V.A.; Alameda, J.P.; Page, A.; Casanova, M.L. Role of NF-kappaB in Ageing and Age-Related Diseases: Lessons
from Genetically Modified Mouse Models. Cells 2021, 10, 1906. [CrossRef]

20. Hongo, A.; Okumura, N.; Nakahara, M.; Kay, E.P.; Koizumi, N. The Effect of a p38 Mitogen-Activated Protein Kinase Inhibitor on
Cellular Senescence of Cultivated Human Corneal Endothelial Cells. Investig. Ophthalmol. Vis. Sci. 2017, 58, 3325–3334. [CrossRef]

21. Childs, B.G.; Durik, M.; Baker, D.J.; van Deursen, J.M. Cellular senescence in aging and age-related disease: From mechanisms to
therapy. Nat. Med. 2015, 21, 1424–1435. [CrossRef]

22. Li, X.; Khan, D.; Rana, M.; Hänggi, D.; Muhammad, S. Doxycycline Attenuated Ethanol-Induced Inflammaging in Endothelial
Cells: Implications in Alcohol-Mediated Vascular Diseases. Antioxidants 2022, 11, 2413. [CrossRef]

23. Chen, X.; Li, M.; Yan, J.; Liu, T.; Pan, G.; Yang, H.; Pei, M.; He, F. Alcohol Induces Cellular Senescence and Impairs Osteogenic
Potential in Bone Marrow-Derived Mesenchymal Stem Cells. Alcohol Alcohol. 2017, 52, 289–297. [CrossRef]

24. Chen, J.R.; Lazarenko, O.P.; Haley, R.L.; Blackburn, M.L.; Badger, T.M.; Ronis, M.J. Ethanol impairs estrogen receptor signaling
resulting in accelerated activation of senescence pathways, whereas estradiol attenuates the effects of ethanol in osteoblasts. J.
Bone Miner. Res. 2009, 24, 221–230. [CrossRef]

25. Blanco, A.M.; Valles, S.L.; Pascual, M.; Guerri, C. Involvement of TLR4/type I IL-1 receptor signaling in the induction
of inflammatory mediators and cell death induced by ethanol in cultured astrocytes. J. Immunol. 2005, 175, 6893–6899.
[CrossRef]

26. Ku, B.M.; Lee, Y.K.; Jeong, J.Y.; Mun, J.; Han, J.Y.; Roh, G.S.; Kim, H.J.; Cho, G.J.; Choi, W.S.; Yi, G.S.; et al. Ethanol-induced
oxidative stress is mediated by p38 MAPK pathway in mouse hippocampal cells. Neurosci. Lett. 2007, 419, 64–67. [CrossRef]

27. Zhang, F.S.; He, Q.Z.; Qin, C.H.; Little, P.J.; Weng, J.P.; Xu, S.W. Therapeutic potential of colchicine in cardiovascular medicine: A
pharmacological review. Acta Pharmacol. Sin. 2022, 43, 2173–2190. [CrossRef]

28. Deftereos, S.G.; Beerkens, F.J.; Shah, B.; Giannopoulos, G.; Vrachatis, D.A.; Giotaki, S.G.; Siasos, G.; Nicolas, J.; Arnott, C.;
Patel, S.; et al. Colchicine in Cardiovascular Disease: In-Depth Review. Circulation 2022, 145, 61–78. [CrossRef] [PubMed]

29. Portincasa, P. Colchicine, Biologic Agents and More for the Treatment of Familial Mediterranean Fever. The Old, the New, and
the Rare. Curr. Med. Chem. 2016, 23, 60–86. [CrossRef]

30. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101–1108.
[CrossRef]

31. Seluanov, A.; Danek, J.; Hause, N.; Gorbunova, V. Changes in the level and distribution of Ku proteins during cellular senescence.
DNA Repair. Amst. 2007, 6, 1740–1748. [CrossRef]

32. Liang, F.; Romanienko, P.J.; Weaver, D.T.; Jeggo, P.A.; Jasin, M. Chromosomal double-strand break repair in Ku80-deficient cells.
Proc. Natl. Acad. Sci. USA 1996, 93, 8929–8933. [CrossRef]

33. d’Adda di Fagagna, F.; Hande, M.P.; Tong, W.M.; Roth, D.; Lansdorp, P.M.; Wang, Z.Q.; Jackson, S.P. Effects of DNA nonhomol-
ogous end-joining factors on telomere length and chromosomal stability in mammalian cells. Curr. Biol. 2001, 11, 1192–1196.
[CrossRef]

34. Smith, A.J.; Ball, S.S.; Manzar, K.; Bowater, R.P.; Wormstone, I.M. Ku80 Counters Oxidative Stress-Induced DNA Damage and
Cataract Formation in the Human Lens. Investig. Ophthalmol. Vis. Sci. 2015, 56, 7868–7874. [CrossRef]

35. Das, S.K.; Vasudevan, D.M. Alcohol-induced oxidative stress. Life Sci. 2007, 81, 177–187. [CrossRef]
36. Zalar, D.M.; Pop, C.; Buzdugan, E.; Kiss, B.; Stefan, M.G.; Ghibu, S.; Crisan, D.; Buruiana-Simic, A.; Grozav, A.; Borda, I.M.; et al.

Effects of Colchicine in a Rat Model of Diet-Induced Hyperlipidemia. Antioxidants 2022, 11, 230. [CrossRef]
37. Pennings, G.J.; Reddel, C.J.; Traini, M.; Campbell, H.; Chen, V.; Kritharides, L. Colchicine inhibits ROS generation in response to

glycoprotein VI stimulation. Sci. Rep. 2021, 11, 11965. [CrossRef]
38. Zhang, B.; Huang, R.; Yang, D.; Chen, G.; Chen, Y.; Han, J.; Zhang, S.; Ma, L.; Yang, X. Combination of Colchicine and Ticagrelor

Inhibits Carrageenan-Induced Thrombi in Mice. Oxid. Med. Cell. Longev. 2022, 2022, 3087198. [CrossRef]
39. Anerillas, C.; Abdelmohsen, K.; Gorospe, M. Regulation of senescence traits by MAPKs. Geroscience 2020, 42, 397–408.

[CrossRef]
40. Chen, Z.; Yao, L.; Liu, Y.; Pan, Z.; Peng, S.; Wan, G.; Cheng, J.; Wang, J.; Cao, W. Astragaloside IV regulates NF-kappaB-mediated

cellular senescence and apoptosis of hepatic stellate cells to suppress PDGF-BB-induced activation. Exp. Ther. Med. 2019, 18,
3741–3750. [CrossRef]

41. Rovillain, E.; Mansfield, L.; Caetano, C.; Alvarez-Fernandez, M.; Caballero, O.L.; Medema, R.H.; Hummerich, H.; Jat, P.S.
Activation of nuclear factor-kappa B signalling promotes cellular senescence. Oncogene 2011, 30, 2356–2366. [CrossRef]

https://doi.org/10.1186/1742-2094-11-77
https://doi.org/10.4049/jimmunol.179.10.7101
https://doi.org/10.1038/emboj.2011.69
https://doi.org/10.1172/JCI45785
https://doi.org/10.3390/cells10081906
https://doi.org/10.1167/iovs.16-21170
https://doi.org/10.1038/nm.4000
https://doi.org/10.3390/antiox11122413
https://doi.org/10.1093/alcalc/agx006
https://doi.org/10.1359/jbmr.081011
https://doi.org/10.4049/jimmunol.175.10.6893
https://doi.org/10.1016/j.neulet.2007.03.049
https://doi.org/10.1038/s41401-021-00835-w
https://doi.org/10.1161/CIRCULATIONAHA.121.056171
https://www.ncbi.nlm.nih.gov/pubmed/34965168
https://doi.org/10.2174/0929867323666151117121706
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1016/j.dnarep.2007.06.010
https://doi.org/10.1073/pnas.93.17.8929
https://doi.org/10.1016/S0960-9822(01)00328-1
https://doi.org/10.1167/iovs.15-18309
https://doi.org/10.1016/j.lfs.2007.05.005
https://doi.org/10.3390/antiox11020230
https://doi.org/10.1038/s41598-021-91409-7
https://doi.org/10.1155/2022/3087198
https://doi.org/10.1007/s11357-020-00183-3
https://doi.org/10.3892/etm.2019.8047
https://doi.org/10.1038/onc.2010.611


Antioxidants 2023, 12, 960 15 of 16

42. Nicolae, C.M.; O’Connor, M.J.; Constantin, D.; Moldovan, G.L. NFkappaB regulates p21 expression and controls DNA damage-
induced leukemic differentiation. Oncogene 2018, 37, 3647–3656. [CrossRef]

43. Saha, K.; Adhikary, G.; Kanade, S.R.; Rorke, E.A.; Eckert, R.L. p38delta regulates p53 to control p21Cip1 expression in human
epidermal keratinocytes. J. Biol. Chem. 2014, 289, 11443–11453. [CrossRef]

44. Bulavin, D.V.; Saito, S.; Hollander, M.C.; Sakaguchi, K.; Anderson, C.W.; Appella, E.; Fornace, A.J., Jr. Phosphorylation of
human p53 by p38 kinase coordinates N-terminal phosphorylation and apoptosis in response to UV radiation. EMBO J. 1999, 18,
6845–6854. [CrossRef]

45. Lafarga, V.; Cuadrado, A.; Lopez de Silanes, I.; Bengoechea, R.; Fernandez-Capetillo, O.; Nebreda, A.R. p38 Mitogen-activated
protein kinase- and HuR-dependent stabilization of p21(Cip1) mRNA mediates the G(1)/S checkpoint. Mol. Cell. Biol. 2009, 29,
4341–4351. [CrossRef]

46. Shin, S.Y.; Kim, C.G.; Lim, Y.; Lee, Y.H. The ETS family transcription factor ELK-1 regulates induction of the cell cycle-regulatory
gene p21(Waf1/Cip1) and the BAX gene in sodium arsenite-exposed human keratinocyte HaCaT cells. J. Biol. Chem. 2011, 286,
26860–26872. [CrossRef]

47. Meyer-Lindemann, U.; Mauersberger, C.; Schmidt, A.C.; Moggio, A.; Hinterdobler, J.; Li, X.; Khangholi, D.; Hettwer, J.; Grasser,
C.; Dutsch, A.; et al. Colchicine Impacts Leukocyte Trafficking in Atherosclerosis and Reduces Vascular Inflammation. Front.
Immunol. 2022, 13, 898690. [CrossRef]

48. Li, J.J.; Lee, S.H.; Kim, D.K.; Jin, R.; Jung, D.S.; Kwak, S.J.; Kim, S.H.; Han, S.H.; Lee, J.E.; Moon, S.J.; et al. Colchicine attenuates
inflammatory cell infiltration and extracellular matrix accumulation in diabetic nephropathy. Am. J. Physiol. Renal. Physiol. 2009,
297, F200–F209. [CrossRef]

49. Gschwandtner, M.; Derler, R.; Midwood, K.S. More Than Just Attractive: How CCL2 Influences Myeloid Cell Behavior Beyond
Chemotaxis. Front. Immunol. 2019, 10, 2759. [CrossRef]

50. Singh, S.; Anshita, D.; Ravichandiran, V. MCP-1: Function, regulation, and involvement in disease. Int. Immunopharmacol. 2021,
101, 107598. [CrossRef]

51. Muller, W.A. Getting leukocytes to the site of inflammation. Vet. Pathol. 2013, 50, 7–22. [CrossRef]
52. Choi, S.; Park, M.; Kim, J.; Park, W.; Kim, S.; Lee, D.K.; Hwang, J.Y.; Choe, J.; Won, M.H.; Ryoo, S.; et al. TNF-alpha elicits

phenotypic and functional alterations of vascular smooth muscle cells by miR-155-5p-dependent down-regulation of cGMP-
dependent kinase 1. J. Biol. Chem. 2018, 293, 14812–14822. [CrossRef]

53. Chen, T.; Zhang, X.; Zhu, G.; Liu, H.; Chen, J.; Wang, Y.; He, X. Quercetin inhibits TNF-alpha induced HUVECs apoptosis
and inflammation via downregulating NF-kB and AP-1 signaling pathway in vitro. Med. Baltim. 2020, 99, e22241. [CrossRef]
[PubMed]

54. Siwik, D.A.; Chang, D.L.; Colucci, W.S. Interleukin-1beta and tumor necrosis factor-alpha decrease collagen synthesis and increase
matrix metalloproteinase activity in cardiac fibroblasts in vitro. Circ. Res. 2000, 86, 1259–1265. [CrossRef] [PubMed]

55. Cabral-Pacheco, G.A.; Garza-Veloz, I.; Castruita-De la Rosa, C.; Ramirez-Acuna, J.M.; Perez-Romero, B.A.; Guerrero-Rodriguez,
J.F.; Martinez-Avila, N.; Martinez-Fierro, M.L. The Roles of Matrix Metalloproteinases and Their Inhibitors in Human Diseases.
Int. J. Mol. Sci. 2020, 21, 9739. [CrossRef]

56. Young, D.; Das, N.; Anowai, A.; Dufour, A. Matrix Metalloproteases as Influencers of the Cells’ Social Media. Int. J. Mol. Sci. 2019,
20, 3847. [CrossRef]

57. Rastogi, S.; Rizwani, W.; Joshi, B.; Kunigal, S.; Chellappan, S.P. TNF-alpha response of vascular endothelial and vascular smooth
muscle cells involve differential utilization of ASK1 kinase and p73. Cell Death Differ. 2012, 19, 274–283. [CrossRef]

58. Kjaergaard, A.G.; Dige, A.; Krog, J.; Tonnesen, E.; Wogensen, L. Soluble adhesion molecules correlate with surface expression in
an in vitro model of endothelial activation. Basic Clin. Pharmacol. Toxicol. 2013, 113, 273–279. [CrossRef]

59. Wang, L.; Tang, C. Targeting Platelet in Atherosclerosis Plaque Formation: Current Knowledge and Future Perspectives. Int. J.
Mol. Sci. 2020, 21, 9760. [CrossRef]

60. Shah, B.; Allen, N.; Harchandani, B.; Pillinger, M.; Katz, S.; Sedlis, S.P.; Echagarruga, C.; Samuels, S.K.; Morina, P.; Singh, P.; et al.
Effect of Colchicine on Platelet-Platelet and Platelet-Leukocyte Interactions: A Pilot Study in Healthy Subjects. Inflammation 2016,
39, 182–189. [CrossRef]

61. Vaidya, K.; Tucker, B.; Kurup, R.; Khandkar, C.; Pandzic, E.; Barraclough, J.; Machet, J.; Misra, A.; Kavurma, M.; Martinez, G.; et al.
Colchicine Inhibits Neutrophil Extracellular Trap Formation in Patients With Acute Coronary Syndrome After Percutaneous
Coronary Intervention. J. Am. Heart Assoc. 2021, 10, e018993. [CrossRef]

62. Zhou, Y.; Xu, Z.; Liu, Z. Impact of Neutrophil Extracellular Traps on Thrombosis Formation: New Findings and Future Perspective.
Front. Cell. Infect. Microbiol. 2022, 12, 910908. [CrossRef] [PubMed]

63. Kim, M.J.; Nepal, S.; Lee, E.S.; Jeong, T.C.; Kim, S.H.; Park, P.H. Ethanol increases matrix metalloproteinase-12 expression
via NADPH oxidase-dependent ROS production in macrophages. Toxicol. Appl. Pharmacol. 2013, 273, 77–89. [CrossRef]
[PubMed]

64. Sillanaukee, P.; Kalela, A.; Seppa, K.; Hoyhtya, M.; Nikkari, S.T. Matrix metalloproteinase-9 is elevated in serum of alcohol
abusers. Eur. J. Clin. Investig. 2002, 32, 225–229. [CrossRef] [PubMed]

65. Koken, T.; Gursoy, F.; Kahraman, A. Long-term alcohol consumption increases pro-matrix metalloproteinase-9 levels via oxidative
stress. J. Med. Toxicol. 2010, 6, 126–130. [CrossRef]

https://doi.org/10.1038/s41388-018-0219-y
https://doi.org/10.1074/jbc.M113.543165
https://doi.org/10.1093/emboj/18.23.6845
https://doi.org/10.1128/MCB.00210-09
https://doi.org/10.1074/jbc.M110.216721
https://doi.org/10.3389/fimmu.2022.898690
https://doi.org/10.1152/ajprenal.90649.2008
https://doi.org/10.3389/fimmu.2019.02759
https://doi.org/10.1016/j.intimp.2021.107598
https://doi.org/10.1177/0300985812469883
https://doi.org/10.1074/jbc.RA118.004220
https://doi.org/10.1097/MD.0000000000022241
https://www.ncbi.nlm.nih.gov/pubmed/32957369
https://doi.org/10.1161/01.RES.86.12.1259
https://www.ncbi.nlm.nih.gov/pubmed/10864917
https://doi.org/10.3390/ijms21249739
https://doi.org/10.3390/ijms20163847
https://doi.org/10.1038/cdd.2011.93
https://doi.org/10.1111/bcpt.12091
https://doi.org/10.3390/ijms21249760
https://doi.org/10.1007/s10753-015-0237-7
https://doi.org/10.1161/JAHA.120.018993
https://doi.org/10.3389/fcimb.2022.910908
https://www.ncbi.nlm.nih.gov/pubmed/35711663
https://doi.org/10.1016/j.taap.2013.08.005
https://www.ncbi.nlm.nih.gov/pubmed/23978445
https://doi.org/10.1046/j.1365-2362.2002.00975.x
https://www.ncbi.nlm.nih.gov/pubmed/11952806
https://doi.org/10.1007/s13181-010-0081-y


Antioxidants 2023, 12, 960 16 of 16

66. Wang, J.; Liu, Y.; Zhang, L.; Ji, J.; Wang, B.; Jin, W.; Zhang, C.; Chu, H. Effects of increased matrix metalloproteinase-9 expression
on skeletal muscle fibrosis in prolonged alcoholic myopathies of rats. Mol. Med. Rep. 2012, 5, 60–65. [CrossRef]

67. Yin, L.; Li, F.; Li, J.; Yang, X.; Xie, X.; Xue, L.; Li, Y.; Zhang, C. Chronic Intermittent Ethanol Exposure Induces Upregulation
of Matrix Metalloproteinase-9 in the Rat Medial Prefrontal Cortex and Hippocampus. Neurochem. Res. 2019, 44, 1593–1601.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3892/mmr.2011.592
https://doi.org/10.1007/s11064-019-02783-8

	Introduction 
	Methods 
	Cell Culture 
	-Gal Staining 
	Immunofluorescence Staining 
	Western Blot (WB) 
	Quantitative Polymerase Chain Reaction (qPCR) 
	Statistical Analysis 

	Results 
	Colchicine Inhibited Ethanol-Induced Senescence 
	Colchicine Averted Ethanol-Induced Oxidative Stress in Endothelial Cells 
	Colchicine Suppressed the Activation of NF-B and MAPKs in Ethanol-Treated Endothelial Cells 
	Colchicine Ameliorated Ethanol-Induced SASP in Endothelial Cells 
	Colchicine Mitigated Ethanol-Induced Relative mRNA and Relative Protein Expression of MMP-2 

	Discussion 
	Conclusions 
	Limitations 
	References

