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Abstract: Atherosclerosis is a progressive pathological remodeling of the arteries and one of its
hallmarks is the presence of chronic inflammation. Notably, there is an increased proportion
and activation state of specific monocyte subsets in systemic blood circulation. Monocyte subsets
have distinct contributions to the formation, progression, and destabilization of the atherosclerotic
plaque. Strong clinical and epidemiological studies show that regular aerobic exercise mitigates
the progression of cardiovascular disease. In fact, aerobic fitness is a powerful predictor of
cardiovascular mortality in adults, independent of traditional risk factors such as hypertension
and hyperlipidemia. Acute bouts and chronic exercise training modulate monocyte behavior, ranging
from their recruitment from the bone marrow or marginal pool, to tissue margination and functional
changes in cytokine and chemokine production. Such modulation could reflect a potential mechanism
for the cardio-protective effect of exercise on atherosclerosis. This review summarizes the current
knowledge of monocyte subsets and highlights what is known about their responses to exercise.
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1. Introduction

Monocytes are immune cells originating from myeloid precursors and modulate the host
inflammatory response. Monocytes provide non-specific immune surveillance, wound healing,
and tissue remodeling. Three different sub-populations have been identified in humans and classified
primarily on the expression of clusters of differentiation (CD)14 and CD16 on the cell surface.
They comprise: (i) classical monocytes (CD14++CD16−), (ii) intermediate monocytes (CD14++CD16+),
and (iii) non-classical monocytes (CD14+CD16++) [1]. These monocyte subsets differ in gene expression
and cytokine production, antigen processing and presentation, as well as the capacity for inducing
angiogenesis [2] and the propensity to differentiate into dendritic cells or activate T-lymphocytes [3].

More recently, there has been increased inquiry into the role of monocyte subsets in
modulating cardiovascular disease risk. Research on pre-clinical animal models and human
patients with atherosclerosis demonstrated the accumulation of monocytes in atherosclerotic plaques,
which supported the concept that the immune system participates in the pathogenesis of coronary
artery disease [4].
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The cardioprotective effects of regular exercise on reducing the risks of, and progression of
cardiovascular disease are well known. Regular exercise training has been documented to improve
vascular compliance [5,6] and endothelial function [7]. Such benefits associated with changes in the
architecture of the vasculature may involve changes in the phenotypes and functions of circulating
immune cells, such as monocytes. We will provide an overview of the presently known subsets
of monocytes in humans, their roles in the progression of atherosclerosis and how regular exercise
training may modify their frequency and function in circulation.

While narrative, this review has taken a structured approach. We performed a search of
well-established databases such as Cochrane, EBSCO, Medline via Ovid, PubMed, and Scopus.
The search terms (including their derivatives, i.e., plural) were monocyte, monocyte subset, CD14,
CD16, exercise, atherosclerosis, atherosclerosis plaque, cardiovascular disease, coronary artery disease,
and vascular epithelium. Our search included all fields and MeSH terms. Articles found in this search
were selected based on relevance to the narrative and recency. Further, hand-picked articles were
also included.

2. Monocytes Contribute to the Pathogenesis of Atherosclerosis

Cardiovascular disease (CVD) is the primary cause of mortality and morbidity worldwide, with a
41% increase in mortality reported between 1990 and 2013 [8]. A primary contributor to CVD mortality
is atherosclerosis, a progressive vessel disease characterized by the initial accumulation of lipid
and fibrous elements on the arterial lumen [9]. Atherosclerosis is usually triggered by a hypoxic
environment, which results in endothelial dysfunction [10], tissue inflammation, and the recruitment
of circulating leukocytes via integrin-specific receptors [11–13]. Broadly speaking, pro-inflammatory
mediators of the immune system act on dysfunctional endothelium surfaces of the arteries and
their interactions with modified (oxidized) lipoproteins exacerbate the inflammatory process [10].
This inflammatory response then gives rise to the formation of advanced lesions that exudate into the
arterial lumen. Complex lesions can occlude the arteries and reduce blood flow and oxygen to the
myocardium. At the same time, such lesions are susceptible to rupture, which release intracellular
contents, such as tissue factors, into the lumen and initiate a cascade of events leading to coagulation,
platelet recruitment, and eventually the formation of thrombi [10]. Thrombosis has been attributed as
a cause of acute cardiac events, such as unstable angina, myocardial infarction, or stroke.

Monocytes infiltrate into the sub-endothelial space upon binding to their integrin receptors
with the adhesion molecules on the endothelium surface. The first indication of atherosclerotic
change is usually thickening of the tunica intima of the artery [14]. Monocytes differentiate into
tissue macrophages, and in the context of atherosclerosis, up to 60% of cells in the necrotic core
of atheromatous plaques were found to express the Leu-M3 antigen [15], which is indicative of a
macrophage phenotype. Monocytes induce mitotic activity of the endothelial and smooth muscle cells
via the production of a platelet-derived growth factor [16]. Plaque monocytes/macrophages will then
ingest oxidized low-density lipoprotein within the intima of the atherosclerotic lesion and become
“foam cells.” These “foam cells” subsequently stimulate smooth muscle cell migration, eventually
resulting in vascular remodeling [17]. Plaque monocytes/macrophages contribute to the thrombotic
complications of atherosclerosis. These leukocytes supply the majority of the enzymes that catabolize
collagen, which is the main component of the plaque’s fibrous cap [4]. Excessive production of the
interstitial collagenase members of the matrix metalloproteinase family, which are involved in the
remodeling of the arterial extracellular matrix, may induce destabilization of atherosclerotic plaques.
This would eventually result in rupture of the atherosclerotic plaque and partial or complete thrombosis
of the coronary artery.



Antioxidants 2018, 7, 196 3 of 12

3. Monocyte Subsets

3.1. Classical Monocytes (CD14++CD16−)

CD14++CD16− monocytes make up the largest population of the monocyte subsets and constitute
about 85–90% of the total monocyte population in healthy individuals [1]. This subset expresses
high levels of chemokine receptor type 2 (CCR2), a receptor for monocyte chemotactic protein
(MCP)-1, and low or undetectable levels of CX3C chemokine receptor 1 (CX3CR1) [18]. CD14 binds
lipopolysaccharide (LPS)-binding proteins with Toll-like receptor (TLR) 4, thus functioning as a
co-receptor for bacterial LPS [19,20]. As a pattern recognition receptor (PRR), CD14 can also detect other
pathogen-associated molecular patterns (PAMPs) such as lipopeptides [21] and free fatty acids [22].
CD16 is a fragment crystallizable region (Fc)-γ receptor III and facilitates antibody-dependent cellular
cytotoxicity (ADCC) by binding to the Fc portion of various antibodies [23]. CD14++CD16− monocytes
also produce high amounts of the anti-inflammatory cytokine, interleukin (IL)-10, rather than tumor
necrosis factor (TNF)-α and IL-1β, in response to LPS in vitro [24–26]. The PRRs, such as TLR2 and
TLR4, are important in the pathogenesis of atherosclerosis, because of their interaction with oxidized
lipids to drive the inflammatory responses [27]. Furthermore, oxidized lipids can down-regulate the
production of IL-10 in monocytes and lead to a shift to a pro-inflammatory state [28].

3.2. Non-Classical Monocytes (CD14+CD16++)

CD14+CD16++ monocytes make up about 10% of the total monocyte population [29] and express
an abundance of CX3CR1 [18] but not CCR2 [30]. High expression of CX3CR1 in non-classical
monocytes is associated with their migration to inflamed endothelia [18]. CD14+CD16++ monocytes
are potent producers of pro-inflammatory cytokines, such as IL-1β, TNF-α, and IL-6 [31], and have also
been described as “pro-inflammatory” monocytes. They also adhere faster to activated endothelium
than CD14++CD16− monocytes [18] and are effective antigen presenters [32,33]. Other studies [34,35]
demonstrated that this subset of monocytes consists of two sub-populations with different activities:
CD14+CD16+ and CD14dimCD16+. CD14+CD16+ monocytes possess phagocytic activity and are
the main producers of pro-inflammatory cytokines (TNF-α, IL-1β) in response to LPS. Conversely,
CD14dimCD16+ monocytes have poor phagocytic activity and are low producers of TNF-α and IL-1β
in response to LPS.

3.3. Intermediate Monocytes (CD14++CD16+)

Prior to 2003, researchers reported only CD14++CD16− and CD14+CD16++ monocytes and did
not further distinguish the CD14++CD16+ subset. Some have suggested that this population is a
transient subset that can mature into CD14++CD16− monocytes [36]. The CD14++CD16+ monocyte
subset comprises approximately 5% of total monocytes and is a significant producer of TNF-α and
IL-10 in response to LPS [26,37].

Further research has demonstrated characteristics that clearly distinguish the CD14++CD16+

monocyte subset from the CD14++CD16− and CD14+CD16++ subsets. Wong et al. [25] have identified
increased expression of major histocompatibility complex (MHC)II, GDNF family receptor (GFR)α2,
and C-type lectin domain family (CLEC)10A in CD14++CD16+ monocytes when compared to both
CD14++CD16− and CD14+CD16++ populations. Through gene ontology analysis, Zawada et al. [38]
characterized distinct immune capabilities of the CD14++CD16+ subset such as antigen processing and
presentation, inflammation, and monocyte activation and angiogenesis. CD14++CD16+ monocytes
also have upregulated pro-angiogenic markers including endoglin (ENG), Tie-2, and kinase insert
domain receptor (KDR). Compared with CD14++CD16− monocytes, CD14++CD16+ monocytes have
greater capacity for trans-endothelial migration, phagocytosis and reactive oxygen species (ROS)
generation [38].

Taken together, we have discussed how monocyte subsets possess unique characteristics that
illustrate their different roles in the pathogenesis of atherosclerosis (Figure 1). Recent experimental
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studies have also shown that monocyte subsets do not exist discretely, but rather, they belong to a
dynamic continuum. An elegant kinetic study using deuterium labeling in vivo with human volunteers
has shown that monocytes undergo a transitory state during experimentally-induced endotoxemia [36].
In this study, CD14++CD16− monocytes were the first subtype to reappear in circulation 4 h after
endotoxemia-induced acute monocytopenia. After 24 h, this subset had transitioned into CD14++CD16+

and CD14+CD16++ monocytes and by the seventh day, the monocyte subsets returned to steady state,
suggesting that the resolution of inflammation coincided with the clearance of the monocyte subsets
in circulation.

CD14++CD16- 
monocytes 

CD14+CD16++ 
monocytes 

CD 14 CD 16 CX3CR1 CCR2 

o “Classical” monocytes

o Produce anti-inflammatory
cytokines (e.g. IL-10)

o Comprise ~85-90% of
monocyte population

Response to Acute Exercise  

o ↑ absolute numbers after
moderate aerobic exercise 

o ↓ as a relative percentage of
monocytes after moderate
aerobic exercise 

o “Non-classical” monocytes

o Produce pro-inflammatory
cytokines (e.g. TNF-α and 
IL-1β)

o Comprise ~10% of monocyte
population

Response to Acute Exercise

o ↑ absolute numbers after
maximal aerobic exercise,
HIIT 

o ↑ as a relative percentage of
monocytes after maximal
aerobic exercise, HIIT 

 

CD14++CD16+ 
monocytes 

o “Intermediate” monocytes

o Produce pro- and anti-
inflammatory cytokines (e.g. TNF-
α and IL-10) in response to LPS

o Comprise ~5% of monocyte 
population

Response to Acute Exercise

o ↑ absolute numbers after maximal
aerobic exercise, HIIT 

o ↑ as a relative percentage of
monocytes after maximal aerobic
exercise, HIIT 

Figure 1. Monocyte subsets and responses to acute exercise.

4. Role of Monocyte Subsets in Atherosclerosis

Research in the last decade has seen an increase in the number of cross-sectional and cohort
studies that investigated the contribution of monocyte subsets to atherosclerosis. In the Malmo Diet
and Cancer study, which is a long-term Swedish epidemiological study spanning almost eight decades,
6103 participants from the original birth cohort participated in the study’s sub-arm of carotid artery
disease [29]. Participants with the highest tertile of CD14++CD16− monocytes had a hazard ratio
of 1.66 (CI: 1.02–2.72) for developing incident CVD, independent of traditional risk factors, such as
gender, age, or HDL cholesterol, compared with participants in the lowest tertile. Although baseline
CD14++CD16− monocyte subsets predicted CVD risk in this cohort, there was no association with
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mean intima-media thickness (IMT) of the common carotid artery. However, the percentage of CD16+

monocytes was negatively associated with IMT.
In contrast to findings from the Malmo Diet and Cancer study, others have reported CD14++CD16+

monocyte subsets to have a greater contribution in the pathogenesis of atherosclerosis. In the
HOM SWEET HOMe (Heterogeneity of Monocytes in Subjects Who Undergo Elective Coronary
Angiography—The Homburg Evaluation) study, 951 patients who were referred for elective coronary
angiography donated blood specimens with monocytes harvested for flow cytometry, and were tracked
prospectively for about 2.5 years [39]. Patients were categorized into quartiles of total and subsets
of monocyte cell counts, and COX regression analysis adjusted for age and sex demonstrated that,
compared with patients in the lowest quartile of CD14++CD16+ monocytes, those in the highest quartile
had the largest hazard ratios (HR: 3.899, CI: 1.86–8.17) for developing an adverse cardiovascular event,
such as cardiovascular death, myocardial infarction, or non-hemorrhagic stroke. In 588 asymptomatic
middle-aged adults, there was a strong association between CD14++CD16+ monocyte subset counts
and calcified plaque scores as determined using computer tomography. Such a finding suggests
that CD14++CD16+ monocytes may play a more important role than the other two subsets in the
progression of coronary stenosis.

The discrepancy in the two cohort studies may be explained by methodological differences,
wherein monocyte subsets were enumerated from frozen whole blood samples in the Malmo Diet and
Cancer study, unlike the HOM SWEET HOMe study, where fresh blood samples were used. Hence,
the distribution and phenotype of the monocyte subsets could have been changed by long-term storage,
as opposed to freshly isolated samples. Furthermore, the timing of blood processing also influences
the expression of CD16 on these monocyte subsets. When sample processing was delayed by 2 h,
there was an increase in CD16 expression on CD14++CD16− subsets, while a further delay by 4 h at
room temperature increased the number of CD16+ monocytes [40]. Thus, it is of note that variations in
experimental protocols in these two studies can result in stark interpretation differences of the results.

As discussed earlier, monocyte subsets exist in a dynamic continuum in health and disease [36]
and efforts to classify these subsets into discrete groups based on their surface antigens during disease
progression may not be appropriate. Instead, it may be more instructive to consider the shift of the
expression of CD14/CD16 along this continuum rather than the discrete frequencies of the subsets
that can better predict disease prognosis [41]. A cross-sectional study involving 227 patients at high
risk of cardiovascular disease supports this recommendation [41]. Greater mean fluorescence intensity
of CD16 expression on the CD14++CD16− subset, but not the absolute frequencies of the other subsets,
predicted adverse cardiovascular events during follow-up.

5. Exercise Modulates Monocyte Subsets

Regular physical activity and exercise training are associated with decreased inflammation and
are related with a significant reduction in risk of cardiovascular-related mortality [13,42,43]. Although
the mechanisms through which exercise exerts its cardio-protective effects are not fully understood,
it may involve the modulation of the numbers or the functions of the monocyte subsets. Some of
the exercise studies presented subsequently were published prior to 2010 and thus do not make
distinctions between the CD14+CD16++ or CD14++CD16+ subsets. We have attempted as best as we
can to describe these subsets given the limited amount of information available.

5.1. Effects of Acute Exercise

Addressing the impact of exercise on monocytes, Gabriel et al. [44] reported that four different
types of anaerobic and aerobic exercises mobilize monocyte subsets to different degrees. These exercises
comprised of (a) maximal running (anaerobic) for 1 min, (b) running for 24 min at 110% of individual
anaerobic threshold (IAT), (c) running for 87 min at 100% of IAT, and (d) running 100 km in 8 h.
Maximal running and running at 110% of IAT increased the relative proportion of CD14+low monocytes
(comprising the CD14++CD16+ and CD14+CD16++ subsets) to several-folds higher than baseline,
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compared with either running at 100% IAT or running 100 km, which did not result in a significant
elevation of these subsets.

Corroborating the findings of Gabriel et al., Steppich et al. [33] reported that a 1 min bout
of cycle ergometry performed at 400 W (anaerobic) resulted in absolute numbers of CD14+CD16+

monocytes (comprising both the CD14++CD16+ and CD14+CD16++ subsets) increasing up to 2.1-fold
after exercise, whereas comparatively, CD14++CD16− monocytes were only increased by 1.3-fold.
In agreement, Durrer et al. [45] found an increase in the number of circulating CD14+CD16+ monocytes
immediately after a session of high intensity interval training (HIIT; 7 x 1-min intervals at 85% peak
power output with 1-min rest periods at 15% peak power output between bouts). Interestingly, despite
the increased numbers of CD14+CD16+ monocytes, this group reported a 18% decrease in CD14+CD16+

TLR-2 expression post-exercise, with values remaining 11% lower than pre-exercise values at 1-h post
exercise [45]. Studies adopting longer-duration exercise protocols, have also demonstrated decrease in
TLR-2 and TLR-4 expression post-exercise [46–49]. Radom-Aizik et al. [50] provided evidence of such
exercise-induced reductions in TLR4 gene expression.

Other studies also corroborate the aforementioned studies. LaVoy et al. [51] reported that maximal
treadmill running (Bruce protocol) elicited a near 3-fold increase in circulating monocytes in 12 healthy
and physically active men and women. In addition, the exercise protocol also resulted in 2- and 3-fold
increases in the relative proportions of CD14++CD16+ and CD14+CD16++ monocytes, respectively.
In comparison, there was a 20% decrease in the relative proportion of CD14++CD16− monocytes in
these subjects. Similarly, Slusher et al. [52] reported that maximal treadmill exercise performed by
25 healthy men resulted in a 7.7% decrease in the relative percentage of CD14++CD16− monocytes,
and 15.6% and 43.1% increases in relative percentages of CD14++CD16+ and CD14+CD16++ monocytes,
respectively. Interestingly, there was decreased TLR4 expression on CD14++CD16− and CD14++CD16+

monocytes but not in CD14+CD16++ monocytes. In another study, Booth demonstrated a 180% and
200% increase in CD14+CD16++ and CD14++CD16+, respectively, in eight trained cyclists immediately
after a 60 km time trial [53]. Interestingly, CD14++CD16+ monocytes had a significant 21% increase in
TLR2 immediately post-exercise and a 90% increase in TLR4 1-h post-exercise.

It is worth mentioning that quantification of the monocyte subsets by LaVoy et al., were performed
in vitro after isolated monocytes were incubated for 2 h at 37 ◦C. This differed with Slusher et al.,
and Booth et al., where flow cytometry was performed on identifying the monocyte subsets upon
isolation from whole blood. Notwithstanding the differences in methodology, however, the results
were similar for all three studies in that an acute bout of strenuous aerobic exercise increased the
relative proportions of CD14++CD16+ and CD14+CD16++ monocytes, whereas the relative proportions
of CD14++CD16− decreased.

In normotensive and hypertensive middle-aged participants (20–55 years), 20 min of treadmill
running at 65–70% VO2 peak resulted in the increase in absolute counts of all three monocyte
subsets [54]. However, when stratified for relative proportions, both CD14++CD16+ and CD14+CD16++

subsets increased, whereas CD14++CD16− subsets decreased. A limitation in this study is the
pooling of monocyte subset data from both hypertensive and normotensive individuals, which made
interpretation of the results difficult. In agreement, Dimitrov et al. [55] demonstrated that in individuals
with high prehypertension, the exercise-induced adrenergic increase in CD14+CD16++ monocytes in
peripheral circulation was blunted compared to mild prehypertension and normotensive individuals.
Hong and Mills [54] found post-exercise elevations in surface receptors of monocytes responsible for
endothelial trafficking and adhesion (CD62L and CXCR2) to be greater in monocytes from hypertensive
individuals, compared with normotensive individuals. While it is unclear whether the changes in
such monocyte phenotypes are beneficial or detrimental for individuals with atherosclerosis, such
findings indicate that exercise-induced mobilization and function of monocyte subsets vary within the
clinical population.

Exercise-induced catecholamine signaling via β2-adrenergic receptor has been shown to promote
preferential mobilization of in CD14+CD16++ monocytes [56]. Interestingly, Rooney et al. [57]
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demonstrated that monocytes egress peripheral blood in only three minutes post 30 min of steady-state
exercise; a higher rate than other leucocyte populations. Amongst the three subsets, CD14+CD16++

monocytes left circulation post-exercise at a quicker rate than the other two subsets. Gustafson et al. [58]
reported a 2.7-fold increase in CD14+CD16++ monocytes compared to a 1.6-fold increase (p < 0.001) in
CD14++CD16− monocyte population following a maximal cycling test. As a non-significant increase
was observed in the 2-h endurance protocol, the authors postulated (albeit not quantified) that the
higher catecholamine release, cardiac output, lactate concentration, and more pronounced changes in
pH could be factors affecting such mobilization. Matos et al. [59] observed a reduction in the relative
percentage of CD14+CD16+ monocytes post one bout of aerobic exercise (three sets of 20 min at 60%
VO2 max with 5 min passive rest) in obese insulin-resistant participants.

As a major source of TNF-α [31], a reduction in the percentage of CD14+CD16+ monocytes
could potentially reduce the progression of atherosclerotic lesions, as observed in a murine model
(via reduction in pro-inflammatory markers and foam cells) [60–62]. TNF-α has specific roles in plaque
formation and rupture as it directly influences macrophages, and endothelial and vascular smooth
muscle cells (reviewed in Kleinbongard et al. [63]). TNF-α has been postulated to contribute to lipid
and glucose metabolism [64], which, in a chronic setting, has direct implications for increased vascular
risk [65,66]. Further, studies have demonstrated through administration of anti-TNF therapy, the role
of TNF-α in endothelial dysfunction [67,68]. These studies demonstrated an increased flow-mediated
dilation and reduced erythrocyte sedimentation rate, C-reactive protein, and disease activity score once
the anti-TNF-α antibody neutralized its activities. Most recently, Dimitrov et al. [55] demonstrated that
an exercise-induced rise in epinephrine concentrations decreased spontaneous and LPS-stimulated
TNF-α production by monocytes. Such a finding supports the anti-inflammatory effects of exercises,
even in a single 20 min bout of exercise (65–70% VO2 peak) [55].

Taken together, the results discussed above highlight that monocytic mobilization, function
(e.g., cytokine production), and gene expression are dependent on the duration and intensity of
exercise. Further, the timing of blood sampling is important, which as described earlier, can influence
the expression of surface markers as well as the absolute quantity of individual monocyte subsets.
Adrenergic response and increased expression of adhesion surface markers may promote tissue
migration providing possible explanation for the different distribution of subsets in peripheral
circulation reported post-exercise. Nonetheless, the studies support the anti-inflammatory effects of a
single bout of exercise in both healthy and clinical populations.

5.2. Effects of Chronic Exercise Training

Regular exercise has been shown to exert anti-inflammatory effects and may mediate beneficial
effects on atherosclerosis. In this section, we describe what is presently known about different types
of exercise training on monocyte subsets and also peripheral blood mononuclear cells (PBMCs) in
humans, given the dearth of research studies in long-term training and monocyte subsets per se.

In young sedentary men, 2 weeks of HIIT performed on a cycle ergometer three times each
week increased the expression of TLR4 on CD14++CD16− [69]. Training did not change the
proportions of monocyte subsets, although there was increased TLR4 expression in most of the
monocyte subsets (apart from CD14++CD16+). Concurrent aerobic and resistance exercise training
may influence the circulating concentrations of the three monocyte subsets. In previously inactive
elderly participants, combined endurance (20 min at 70–80% heart-rate reserve) and resistance exercise
training (eight exercises, two sets at 70–80% of one repetition maximum) significantly down-regulated
CD14+CD16+ (intermediate and non-classical) monocytes in the circulation by 64% [19]. In addition,
there was a significant reduction of basal and LPS-stimulated TNF-α production [19]. It is difficult to
directly compare monocyte subset responses to exercise in different populations (e.g., young vs. old)
since the elderly population is more likely to demonstrate benefits from the anti-inflammatory effect of
exercise, given that some degree of mild inflammation may already be present.
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Few studies have investigated the effects of long-term exercise on monocyte subsets, although
studies have reported beneficial effects in PBMCs or general inflammatory biomarkers. Gano et al. [70]
demonstrated that two months of brisk walking (6 days/week, 50 min/day at 70% of maximal heart
rate) by previously sedentary middle-aged and elderly adults significantly reduced gene expression
of inflammatory biomarkers in PBMCs, such as the receptor for advanced glycation end products
(RAGE), and monocyte chemotactic protein (MCP)-1. Furthermore, the long-term effects of exercise
training on the atherogenic potential of PBMCs of 43 subjects (25 female; 18 male) at risk of developing
ischemic heart disease were explored in a 6-month exercise intervention consisting of resistance and
endurance activities (e.g., weight lifting and walking/running on a treadmill). The study also showed a
down-regulation in the production of the inflammatory cytokines, such as IL-1α, TNF-α, and interferon
(IFN)-γ, and an up-regulation of anti-inflammatory cytokines, including IL-4, IL-10, and transforming
growth factor beta (TGF)-β via PBMCs at the end of the exercise program. It is unknown in this study
how individual monocyte subsets contribute to the athero-protective phenotype. It is possible that
alterations in the inflammatory milieu may result in the recruitment of different monocyte subsets.

A potential mechanism may implicate the increase in systemic vagal tone as an important
signaling mechanism to spleen leucocyte populations such as T cells and monocytes. Narhrendorf
and Swirski [71] suggest that such an increase in vagus nerve activity may reduce activation of
inflammatory monocytes in the spleen, which may reduce the mobilization of such monocytes to the
endothelium during the atherosclerotic process.

6. Conclusions

There is preliminary evidence for the exercise-induced attenuation of inflammation [22],
particularly by modulating the trafficking and circulating abundance and phenotypes (e.g., cytokine
secretion in response to LPS) of different monocyte subsets [72]. Since inflammation is associated with
the pathogenesis of atherosclerosis, such findings substantiate a role for exercise training in modulating
the development of atherosclerosis. More clinical studies need to define the type (e.g., aerobic or
resistance exercise) and amount of exercise training and their effects on these monocyte subsets.
In particular, future studies need to elucidate the effects of exercise training on other molecular targets,
including chemokine receptors and pattern recognition receptors. Furthermore, future research should
clearly define the three monocyte subsets, since older studies usually did not make any distinction
between the CD14++CD16+ or CD14+CD16++ subsets.

Funding: This research received no external funding.

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

References

1. Ziegler-Heitbrock, L.; Ancuta, P.; Crowe, S.; Dalod, M.; Grau, V.; Hart, D.N.; Leenen, P.J.; Liu, Y.J.;
MacPherson, G.; Randolph, G.J.; et al. Nomenclature of monocytes and dendritic cells in blood. Blood
2010, 116, e74–e80. [CrossRef] [PubMed]

2. Wong, K.L.; Yeap, W.H.; Tai, J.J.; Ong, S.M.; Dang, T.M.; Wong, S.C. The three human monocyte subsets:
Implications for health and disease. Immunol. Res. 2012, 53, 41–57. [CrossRef] [PubMed]

3. Ziegler-Heitbrock, L.; Hofer, T.P. Toward a refined definition of monocyte subsets. Front. Immunol. 2013,
4, 23. [CrossRef]

4. Libby, P. Inflammation in atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 2045–2051. [CrossRef]
5. Nguyen, P.K.; Terashima, M.; Fair, J.M.; Varady, A.; Taylor-Piliae, R.E.; Iribarren, C.; Go, A.S.; Haskell, W.L.;

Hlatky, M.A.; Fortmann, S.P.; et al. Physical activity in older subjects is associated with increased coronary
vasodilation: The ADVANCE study. JACC Cardiovasc. Imaging 2011, 4, 622–629. [CrossRef] [PubMed]

6. Shibata, S.; Fujimoto, N.; Hastings, J.L.; Carrick-Ranson, G.; Bhella, P.S.; Hearon, C.M., Jr.; Levine, B.D.
The effect of lifelong exercise frequency on arterial stiffness. J. Physiol. 2018, 596, 2783–2795. [CrossRef]

http://dx.doi.org/10.1182/blood-2010-02-258558
http://www.ncbi.nlm.nih.gov/pubmed/20628149
http://dx.doi.org/10.1007/s12026-012-8297-3
http://www.ncbi.nlm.nih.gov/pubmed/22430559
http://dx.doi.org/10.3389/fimmu.2013.00023
http://dx.doi.org/10.1161/ATVBAHA.108.179705
http://dx.doi.org/10.1016/j.jcmg.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21679897
http://dx.doi.org/10.1113/JP275301


Antioxidants 2018, 7, 196 9 of 12

7. Ashor, A.W.; Lara, J.; Siervo, M.; Celis-Morales, C.; Oggioni, C.; Jakovljevic, D.G.; Mathers, J.C. Exercise
modalities and endothelial function: A systematic review and dose-response meta-analysis of randomized
controlled trials. Sports Med. 2015, 45, 279–296. [CrossRef]

8. Roth, G.A.; Forouzanfar, M.H.; Moran, A.E.; Barber, R.; Nguyen, G.; Feigin, V.L.; Naghavi, M.; Mensah, G.A.;
Murray, C.J. Demographic and epidemiologic drivers of global cardiovascular mortality. N. Engl. J. Med.
2015, 372, 1333–1341. [CrossRef]

9. Libby, P. Atherosclerosis: Disease biology affecting the coronary vasculature. Am. J. Cardiol. 2006, 98, 3Q–9Q.
[CrossRef]

10. Szmitko, P.E.; Wang, C.H.; Weisel, R.D.; de Almeida, J.R.; Anderson, T.J.; Verma, S. New markers of
inflammation and endothelial cell activation: Part I. Circulation 2003, 108, 1917–1923. [CrossRef]

11. Bosco, M.C.; Puppo, M.; Blengio, F.; Fraone, T.; Cappello, P.; Giovarelli, M.; Varesio, L. Monocytes and
dendritic cells in a hypoxic environment: Spotlights on chemotaxis and migration. Immunobiology 2008, 213,
733–749. [CrossRef]

12. Hoefer, I.E.; van Royen, N.; Rectenwald, J.E.; Deindl, E.; Hua, J.; Jost, M.; Grundmann, S.; Voskuil, M.;
Ozaki, C.K.; Piek, J.J.; et al. Arteriogenesis proceeds via ICAM-1/Mac-1-mediated mechanisms. Circ. Res.
2004, 94, 1179–1185. [CrossRef] [PubMed]

13. Schuler, P.; Assefa, D.; Ylanne, J.; Basler, N.; Olschewski, M.; Ahrens, I.; Nordt, T.; Bode, C.; Peter, K.
Adhesion of monocytes to medical steel as used for vascular stents is mediated by the integrin receptor
Mac-1 (CD11b/CD18; αM β2) and can be inhibited by semiconductor coating. Cell Commun. Adhes. 2003,
10, 17–26. [CrossRef] [PubMed]

14. De Groot, E.; van Leuven, S.I.; Duivenvoorden, R.; Meuwese, M.C.; Akdim, F.; Bots, M.L.; Kastelein, J.J.
Measurement of carotid intima-media thickness to assess progression and regression of atherosclerosis.
Nat. Clin. Pract. Cardiovasc. Med. 2008, 5, 280–288. [CrossRef]

15. Jonasson, L.; Holm, J.; Skalli, O.; Bondjers, G.; Hansson, G.K. Regional accumulations of T cells, macrophages,
and smooth muscle cells in the human atherosclerotic plaque. Arteriosclerosis 1986, 6, 131–138. [CrossRef]

16. Polverini, P.J.; Cotran, P.S.; Gimbrone, M.A., Jr.; Unanue, E.R. Activated macrophages induce vascular
proliferation. Nature 1977, 269, 804–806. [CrossRef] [PubMed]

17. Kruth, H.S. Macrophage foam cells and atherosclerosis. Front. Biosci. 2001, 6, D429–D455. [CrossRef]
18. Ancuta, P.; Rao, R.; Moses, A.; Mehle, A.; Shaw, S.K.; Luscinskas, F.W.; Gabuzda, D. Fractalkine preferentially

mediates arrest and migration of CD16+ monocytes. J. Exp. Med. 2003, 197, 1701–1707. [CrossRef]
19. Timmerman, K.L.; Flynn, M.G.; Coen, P.M.; Markofski, M.M.; Pence, B.D. Exercise training-induced

lowering of inflammatory (CD14+CD16+) monocytes: A role in the anti-inflammatory influence of exercise?
J. Leukoc. Biol. 2008, 84, 1271–1278. [CrossRef]

20. Kitchens, R.L. Role of CD14 in cellular recognition of bacterial lipopolysaccharides. Chem. Immunol. 2000,
74, 61–82.

21. Tapping, R.I.; Tobias, P.S. Soluble CD14-mediated cellular responses to lipopolysaccharide. Chem. Immunol.
2000, 74, 108–121. [PubMed]

22. Ma, S.; Suzuki, K. Toll-like receptor 4: Target of lipotoxicity and exercise-induced anti-inflammatory effect?
Ann. Nutr. Food Sci. 2018, 2, 1027–1028.

23. Ranoa, D.R.; Kelley, S.L.; Tapping, R.I. Human lipopolysaccharide-binding protein (LBP) and CD14
independently deliver triacylated lipoproteins to Toll-like receptor 1 (TLR1) and TLR2 and enhance formation
of the ternary signaling complex. J. Biol. Chem. 2013, 288, 9729–9741. [CrossRef] [PubMed]

24. Ziegler-Heitbrock, H.W.; Strobel, M.; Kieper, D.; Fingerle, G.; Schlunck, T.; Petersmann, I.; Ellwart, J.;
Blumenstein, M.; Haas, J.G. Differential expression of cytokines in human blood monocyte subpopulations.
Blood 1992, 79, 503–511.

25. Wong, K.L.; Tai, J.J.; Wong, W.C.; Han, H.; Sem, X.; Yeap, W.H.; Kourilsky, P.; Wong, S.C. Gene expression
profiling reveals the defining features of the classical, intermediate, and nonclassical human monocyte
subsets. Blood 2011, 118, e16–e31. [CrossRef]

26. Skrzeczynska-Moncznik, J.; Bzowska, M.; Loseke, S.; Grage-Griebenow, E.; Zembala, M.; Pryjma, J. Peripheral
blood CD14high CD16+ monocytes are main producers of IL-10. Scand. J. Immunol. 2008, 67, 152–159.
[CrossRef]

27. Zawada, A.M.; Rogacev, K.S.; Schirmer, S.H.; Sester, M.; Bohm, M.; Fliser, D.; Heine, G.H. Monocyte
heterogeneity in human cardiovascular disease. Immunobiology 2012, 217, 1273–1284. [CrossRef]

http://dx.doi.org/10.1007/s40279-014-0272-9
http://dx.doi.org/10.1056/NEJMoa1406656
http://dx.doi.org/10.1016/j.amjcard.2006.09.020
http://dx.doi.org/10.1161/01.CIR.0000089190.95415.9F
http://dx.doi.org/10.1016/j.imbio.2008.07.031
http://dx.doi.org/10.1161/01.RES.0000126922.18222.F0
http://www.ncbi.nlm.nih.gov/pubmed/15059933
http://dx.doi.org/10.1080/15419060302065
http://www.ncbi.nlm.nih.gov/pubmed/12881037
http://dx.doi.org/10.1038/ncpcardio1163
http://dx.doi.org/10.1161/01.ATV.6.2.131
http://dx.doi.org/10.1038/269804a0
http://www.ncbi.nlm.nih.gov/pubmed/927505
http://dx.doi.org/10.2741/A620
http://dx.doi.org/10.1084/jem.20022156
http://dx.doi.org/10.1189/jlb.0408244
http://www.ncbi.nlm.nih.gov/pubmed/10608084
http://dx.doi.org/10.1074/jbc.M113.453266
http://www.ncbi.nlm.nih.gov/pubmed/23430250
http://dx.doi.org/10.1182/blood-2010-12-326355
http://dx.doi.org/10.1111/j.1365-3083.2007.02051.x
http://dx.doi.org/10.1016/j.imbio.2012.07.001


Antioxidants 2018, 7, 196 10 of 12

28. Bzowska, M.; Nogiec, A.; Skrzeczynska-Moncznik, J.; Mickowska, B.; Guzik, K.; Pryjma, J. Oxidized LDLs
inhibit TLR-induced IL-10 production by monocytes: A new aspect of pathogen-accelerated atherosclerosis.
Inflammation 2012, 35, 1567–1584. [CrossRef]

29. Berg, K.E.; Ljungcrantz, I.; Andersson, L.; Bryngelsson, C.; Hedblad, B.; Fredrikson, G.N.; Nilsson, J.;
Bjorkbacka, H. Elevated CD14++CD16− monocytes predict cardiovascular events. Circ. Cardiovasc. Genet.
2012, 5, 122–131. [CrossRef]

30. Weber, C.; Belge, K.U.; von Hundelshausen, P.; Draude, G.; Steppich, B.; Mack, M.; Frankenberger, M.;
Weber, K.S.; Ziegler-Heitbrock, H.W. Differential chemokine receptor expression and function in human
monocyte subpopulations. J. Leukoc. Biol. 2000, 67, 699–704. [CrossRef]

31. Belge, K.U.; Dayyani, F.; Horelt, A.; Siedlar, M.; Frankenberger, M.; Frankenberger, B.; Espevik, T.;
Ziegler-Heitbrock, L. The proinflammatory CD14+CD16+DR++ monocytes are a major source of TNF.
J. Immunol. 2002, 168, 3536–3542. [CrossRef] [PubMed]

32. Kaushansky, K. Lineage-specific hematopoietic growth factors. N. Engl. J. Med. 2006, 354, 2034–2045.
[CrossRef] [PubMed]

33. Steppich, B.; Dayyani, F.; Gruber, R.; Lorenz, R.; Mack, M.; Ziegler-Heitbrock, H.W. Selective mobilization of
CD14+CD16+ monocytes by exercise. Am. J. Physiol. Cell Physiol. 2000, 279, C578–C586. [CrossRef] [PubMed]

34. Grage-Griebenow, E.; Flad, H.D.; Ernst, M. Heterogeneity of human peripheral blood monocyte subsets.
J. Leukoc. Biol. 2001, 69, 11–20.

35. Grage-Griebenow, E.; Zawatzky, R.; Kahlert, H.; Brade, L.; Flad, H.; Ernst, M. Identification of a novel
dendritic cell-like subset of CD64+/CD16+ blood monocytes. Eur. J. Immunol. 2001, 31, 48–56. [CrossRef]

36. Patel, A.A.; Zhang, Y.; Fullerton, J.N.; Boelen, L.; Rongvaux, A.; Maini, A.A.; Bigley, V.; Flavell, R.A.;
Gilroy, D.W.; Asquith, B.; et al. The fate and lifespan of human monocyte subsets in steady state and systemic
inflammation. J. Exp. Med. 2017, 214, 1913–1923. [CrossRef]

37. Cros, J.; Cagnard, N.; Woollard, K.; Patey, N.; Zhang, S.Y.; Senechal, B.; Puel, A.; Biswas, S.K.; Moshous, D.;
Picard, C.; et al. Human CD14dim monocytes patrol and sense nucleic acids and viruses via TLR7 and TLR8
receptors. Immunity 2010, 33, 375–386. [CrossRef]

38. Zawada, A.M.; Rogacev, K.S.; Rotter, B.; Winter, P.; Marell, R.R.; Fliser, D.; Heine, G.H. SuperSAGE evidence
for CD14++CD16+ monocytes as a third monocyte subset. Blood 2011, 118, e50–e61. [CrossRef]

39. Rogacev, K.S.; Cremers, B.; Zawada, A.M.; Seiler, S.; Binder, N.; Ege, P.; Grosse-Dunker, G.; Heisel, I.;
Hornof, F.; Jeken, J.; et al. CD14++CD16+ monocytes independently predict cardiovascular events: A cohort
study of 951 patients referred for elective coronary angiography. J. Am. Coll. Cardiol. 2012, 60, 1512–1520.
[CrossRef]

40. Shantsila, E.; Tapp, L.D.; Wrigley, B.J.; Montoro-Garcia, S.; Ghattas, A.; Jaipersad, A.; Lip, G.Y. The effects of
exercise and diurnal variation on monocyte subsets and monocyte-platelet aggregates. Eur. J. Clin. Investig.
2012, 42, 832–839. [CrossRef]

41. Cappellari, R.; D’Anna, M.; Bonora, B.M.; Rigato, M.; Cignarella, A.; Avogaro, A.; Fadini, G.P. Shift of
monocyte subsets along their continuum predicts cardiovascular outcomes. Atherosclerosis 2017, 266, 95–102.
[CrossRef]

42. Nocon, M.; Hiemann, T.; Muller-Riemenschneider, F.; Thalau, F.; Roll, S.; Willich, S.N. Association of
physical activity with all-cause and cardiovascular mortality: A systematic review and meta-analysis. Eur. J.
Cardiovasc. Prev. Rehabil. 2008, 15, 239–246. [CrossRef] [PubMed]

43. Smith, J.K.; Dykes, R.; Douglas, J.E.; Krishnaswamy, G.; Berk, S. Long-term exercise and atherogenic activity
of blood mononuclear cells in persons at risk of developing ischemic heart disease. JAMA 1999, 281,
1722–1727. [CrossRef]

44. Gabriel, H.; Urhausen, A.; Brechtel, L.; Muller, H.J.; Kindermann, W. Alterations of regular and mature
monocytes are distinct, and dependent of intensity and duration of exercise. Eur. J. Appl. Physiol. Occup.
Physiol. 1994, 69, 179–181. [CrossRef] [PubMed]

45. Durrer, C.; Francois, M.; Neudorf, H.; Little, J.P. Acute high-intensity interval exercise reduces human
monocyte Toll-like receptor 2 expression in type 2 diabetes. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2017,
312, R529–R538. [CrossRef]

46. Lancaster, G.I.; Khan, Q.; Drysdale, P.; Wallace, F.; Jeukendrup, A.E.; Drayson, M.T.; Gleeson, M.
The physiological regulation of toll-like receptor expression and function in humans. J. Physiol. 2005,
563, 945–955. [CrossRef]

http://dx.doi.org/10.1007/s10753-012-9472-3
http://dx.doi.org/10.1161/CIRCGENETICS.111.960385
http://dx.doi.org/10.1002/jlb.67.5.699
http://dx.doi.org/10.4049/jimmunol.168.7.3536
http://www.ncbi.nlm.nih.gov/pubmed/11907116
http://dx.doi.org/10.1056/NEJMra052706
http://www.ncbi.nlm.nih.gov/pubmed/16687716
http://dx.doi.org/10.1152/ajpcell.2000.279.3.C578
http://www.ncbi.nlm.nih.gov/pubmed/10942707
http://dx.doi.org/10.1002/1521-4141(200101)31:1&lt;48::AID-IMMU48&gt;3.0.CO;2-5
http://dx.doi.org/10.1084/jem.20170355
http://dx.doi.org/10.1016/j.immuni.2010.08.012
http://dx.doi.org/10.1182/blood-2011-01-326827
http://dx.doi.org/10.1016/j.jacc.2012.07.019
http://dx.doi.org/10.1111/j.1365-2362.2012.02656.x
http://dx.doi.org/10.1016/j.atherosclerosis.2017.09.032
http://dx.doi.org/10.1097/HJR.0b013e3282f55e09
http://www.ncbi.nlm.nih.gov/pubmed/18525377
http://dx.doi.org/10.1001/jama.281.18.1722
http://dx.doi.org/10.1007/BF00609414
http://www.ncbi.nlm.nih.gov/pubmed/7805676
http://dx.doi.org/10.1152/ajpregu.00348.2016
http://dx.doi.org/10.1113/jphysiol.2004.081224


Antioxidants 2018, 7, 196 11 of 12

47. Gleeson, M.; McFarlin, B.; Flynn, M. Exercise and Toll-like receptors. Exerc. Immunol. Rev. 2006, 12, 34–53.
48. Oliveira, M.; Gleeson, M. The influence of prolonged cycling on monocyte Toll-like receptor 2 and 4

expression in healthy men. Eur. J. Appl. Physiol. 2010, 109, 251–257. [CrossRef]
49. Simpson, R.J.; McFarlin, B.K.; McSporran, C.; Spielmann, G.; Hartaigh, B.; Guy, K. Toll-like

receptor expression on classic and pro-inflammatory blood monocytes after acute exercise in humans.
Brain Behav. Immun. 2009, 23, 232–239. [CrossRef] [PubMed]

50. Radom-Aizik, S.; Zaldivar, F.P., Jr.; Haddad, F.; Cooper, D.M. Impact of brief exercise on circulating monocyte
gene and microRNA expression: Implications for atherosclerotic vascular disease. Brain Behav. Immun. 2014,
39, 121–129. [CrossRef]

51. LaVoy, E.C.; Bollard, C.M.; Hanley, P.J.; O’Connor, D.P.; Lowder, T.W.; Bosch, J.A.; Simpson, R.J. A single
bout of dynamic exercise by healthy adults enhances the generation of monocyte-derived-dendritic cells.
Cell Immunol. 2015, 295, 52–59. [CrossRef] [PubMed]

52. Slusher, A.L.; Zuniga, T.M.; Acevedo, E.O. Maximal Exercise Alters the Inflammatory Phenotype and
Response of Mononuclear Cells. Med. Sci. Sports Exerc. 2018, 50, 675–683. [CrossRef] [PubMed]

53. Booth, S.; Florida-James, G.D.; McFarlin, B.K.; Spielmann, G.; O’Connor, D.P.; Simpson, R.J. The impact of
acute strenuous exercise on TLR2, TLR4 and HLA.DR expression on human blood monocytes induced by
autologous serum. Eur. J. Appl. Physiol. 2010, 110, 1259–1268. [CrossRef] [PubMed]

54. Hong, S.; Mills, P.J. Effects of an exercise challenge on mobilization and surface marker expression of
monocyte subsets in individuals with normal vs. elevated blood pressure. Brain Behav. Immun. 2008, 22,
590–599. [CrossRef] [PubMed]

55. Dimitrov, S.; Hulteng, E.; Hong, S. Inflammation and exercise: Inhibition of monocytic intracellular TNF
production by acute exercise via β2-adrenergic activation. Brain Behav. Immun. 2017, 61, 60–68. [CrossRef]

56. Graff, R.M.; Kunz, H.E.; Agha, N.H.; Baker, F.L.; Laughlin, M.; Bigley, A.B.; Markofski, M.M.; LaVoy, E.C.;
Katsanis, E.; Bond, R.A.; et al. β2-Adrenergic receptor signaling mediates the preferential mobilization of
differentiated subsets of CD8+ T-cells, NK-cells and non-classical monocytes in response to acute exercise in
humans. Brain Behav. Immun. 2018, 74, 143–153. [CrossRef]

57. Rooney, B.V.; Bigley, A.B.; LaVoy, E.C.; Laughlin, M.; Pedlar, C.; Simpson, R.J. Lymphocytes and monocytes
egress peripheral blood within minutes after cessation of steady state exercise: A detailed temporal analysis
of leukocyte extravasation. Physiol. Behav. 2018, 194, 260–267. [CrossRef] [PubMed]

58. Gustafson, M.P.; DiCostanzo, A.C.; Wheatley, C.M.; Kim, C.H.; Bornschlegl, S.; Gastineau, D.A.; Johnson, B.D.;
Dietz, A.B. A systems biology approach to investigating the influence of exercise and fitness on the
composition of leukocytes in peripheral blood. J. Immunother. Cancer 2017, 5, 30. [CrossRef] [PubMed]

59. De Matos, M.A.; Duarte, T.C.; Ottone Vde, O.; Sampaio, P.F.; Costa, K.B.; de Oliveira, M.F.; Moseley, P.L.;
Schneider, S.M.; Coimbra, C.C.; Brito-Melo, G.E.; et al. The effect of insulin resistance and exercise on the
percentage of CD16+ monocyte subset in obese individuals. Cell Biochem. Funct. 2016, 34, 209–216. [CrossRef]

60. Boesten, L.S.; Zadelaar, A.S.; van Nieuwkoop, A.; Gijbels, M.J.; de Winther, M.P.; Havekes, L.M.;
van Vlijmen, B.J. Tumor necrosis factor-alpha promotes atherosclerotic lesion progression in APOE*3-Leiden
transgenic mice. Cardiovasc. Res. 2005, 66, 179–185. [CrossRef]

61. Canault, M.; Peiretti, F.; Mueller, C.; Kopp, F.; Morange, P.; Rihs, S.; Portugal, H.; Juhan-Vague, I.; Nalbone, G.
Exclusive expression of transmembrane TNF-α in mice reduces the inflammatory response in early lipid
lesions of aortic sinus. Atherosclerosis 2004, 172, 211–218. [CrossRef]

62. Xiao, N.; Yin, M.; Zhang, L.; Qu, X.; Du, H.; Sun, X.; Mao, L.; Ren, G.; Zhang, C.; Geng, Y.; et al. Tumor necrosis
factor-alpha deficiency retards early fatty-streak lesion by influencing the expression of inflammatory factors
in apoE-null mice. Mol. Genet. Metab. 2009, 96, 239–244. [CrossRef]

63. Kleinbongard, P.; Heusch, G.; Schulz, R. TNFalpha in atherosclerosis, myocardial ischemia/reperfusion and
heart failure. Pharmacol. Ther. 2010, 127, 295–314. [CrossRef]

64. Zhao, S.P.; Dong, S.Z. Effect of tumor necrosis factor alpha on cholesterol efflux in adipocytes. Clin. Chim.
Acta Int. J. Clin. Chem. 2008, 389, 67–71. [CrossRef] [PubMed]

65. McKellar, G.E.; McCarey, D.W.; Sattar, N.; McInnes, I.B. Role for TNF in atherosclerosis? Lessons from
autoimmune disease. Nat. Rev. Cardiol. 2009, 6, 410–417. [CrossRef]

66. Ramji, D.P.; Davies, T.S. Cytokines in atherosclerosis: Key players in all stages of disease and promising
therapeutic targets. Cytokine Growth Factor Rev. 2015, 26, 673–685. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00421-009-1350-9
http://dx.doi.org/10.1016/j.bbi.2008.09.013
http://www.ncbi.nlm.nih.gov/pubmed/18930806
http://dx.doi.org/10.1016/j.bbi.2014.01.003
http://dx.doi.org/10.1016/j.cellimm.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25749006
http://dx.doi.org/10.1249/MSS.0000000000001480
http://www.ncbi.nlm.nih.gov/pubmed/29112629
http://dx.doi.org/10.1007/s00421-010-1616-2
http://www.ncbi.nlm.nih.gov/pubmed/20799043
http://dx.doi.org/10.1016/j.bbi.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18242048
http://dx.doi.org/10.1016/j.bbi.2016.12.017
http://dx.doi.org/10.1016/j.bbi.2018.08.017
http://dx.doi.org/10.1016/j.physbeh.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/29885920
http://dx.doi.org/10.1186/s40425-017-0231-8
http://www.ncbi.nlm.nih.gov/pubmed/28428879
http://dx.doi.org/10.1002/cbf.3178
http://dx.doi.org/10.1016/j.cardiores.2005.01.001
http://dx.doi.org/10.1016/j.atherosclerosis.2003.10.004
http://dx.doi.org/10.1016/j.ymgme.2008.11.166
http://dx.doi.org/10.1016/j.pharmthera.2010.05.002
http://dx.doi.org/10.1016/j.cca.2007.11.025
http://www.ncbi.nlm.nih.gov/pubmed/18155667
http://dx.doi.org/10.1038/nrcardio.2009.57
http://dx.doi.org/10.1016/j.cytogfr.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/26005197


Antioxidants 2018, 7, 196 12 of 12

67. Hürlimann, D.; Forster, A.; Noll, G.; Enseleit, F.; Chenevard, R.; Distler, O.; Bechir, M.; Spieker, L.E.;
Neidhart, M.; Michel, B.A.; et al. Anti-tumor necrosis factor-alpha treatment improves endothelial function
in patients with rheumatoid arthritis. Circulation 2002, 106, 2184–2187. [CrossRef] [PubMed]

68. Irace, C.; Mancuso, G.; Fiaschi, E.; Madia, A.; Sesti, G.; Gnasso, A. Effect of anti TNFalpha therapy on arterial
diameter and wall shear stress and HDL cholesterol. Atherosclerosis 2004, 177, 113–118. [CrossRef] [PubMed]

69. Oliveira-Child, M.; Leggate, M.; Gleeson, M. Effects of Two Weeks of High-intensity Interval Training (HIIT)
on Monocyte TLR2 and TLR4 Expression in High BMI Sedentary Men. Int. J. Exerc. Sci. 2013, 6, 81–90.

70. Gano, L.B.; Donato, A.J.; Pierce, G.L.; Pasha, H.M.; Magerko, K.A.; Roeca, C.; Seals, D.R. Increased
proinflammatory and oxidant gene expression in circulating mononuclear cells in older adults: Amelioration
by habitual exercise. Physiol. Genom. 2011, 43, 895–902. [CrossRef]

71. Nahrendorf, M.; Swirski, F.K. Lifestyle effects on hematopoiesis and atherosclerosis. Circ. Res. 2015, 116,
884–894. [CrossRef] [PubMed]

72. Stewart, L.K.; Flynn, M.G.; Campbell, W.W.; Craig, B.A.; Robinson, J.P.; McFarlin, B.K.; Timmerman, K.L.;
Coen, P.M.; Felker, J.; Talbert, E. Influence of exercise training and age on CD14+ cell-surface expression of
toll-like receptor 2 and 4. Brain Behav. Immun. 2005, 19, 389–397. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1161/01.CIR.0000037521.71373.44
http://www.ncbi.nlm.nih.gov/pubmed/12390945
http://dx.doi.org/10.1016/j.atherosclerosis.2004.04.031
http://www.ncbi.nlm.nih.gov/pubmed/15488873
http://dx.doi.org/10.1152/physiolgenomics.00204.2010
http://dx.doi.org/10.1161/CIRCRESAHA.116.303550
http://www.ncbi.nlm.nih.gov/pubmed/25722442
http://dx.doi.org/10.1016/j.bbi.2005.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15963685
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Monocytes Contribute to the Pathogenesis of Atherosclerosis 
	Monocyte Subsets 
	Classical Monocytes (CD14++CD16-) 
	Non-Classical Monocytes (CD14+CD16++) 
	Intermediate Monocytes (CD14++CD16+) 

	Role of Monocyte Subsets in Atherosclerosis 
	Exercise Modulates Monocyte Subsets 
	Effects of Acute Exercise 
	Effects of Chronic Exercise Training 

	Conclusions 
	References

