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Abstract
Background

Physical exercise has positive impacts on health and can improve angiogenesis, which is impaired during
aging, but the underlying mechanisms of benefit are unclear. This meta-analysis and systematic review
investigated the effects of exercise on several peripheral angiogenesis markers in older adults to better
understand the relationship between exercise and angiogenesis.

Methods

MEDLINE, Embase, and Cochrane CENTRAL were searched for original, peer-reviewed reports of peripheral
concentrations of angiogenesis markers before and after exercise interventions in older adults (> 50 years).
The risk of bias was assessed with standardized criteria. Standardized mean differences (SMD) with 95%
confidence intervals (Cls) were calculated from random-effects models. Publication bias was assessed with
Egger’s test, funnel plots, and trim-and-fill. A priori subgroup analyses and meta-regressions were performed
to investigate heterogeneity where possible.

Results

Of the 44 articles included in the review, 38 were included in meta-analyses for five proteins. Vascular
endothelial growth factor (VEGF) was found to be higher after exercise (SMD[95%CI] = 0.18[0.03, 0.34], p =
0.02), and e-selectin (CD62E) was found to be lower after exercise (SMD[95%Cl]= -0.72[-1.42,-0.03], p =
0.04). Endostatin (SMD[95%ClI] = 0.28[-0.56, 1.11], p = 0.5), fibroblast growth factor 2 (SMD[95%ClI] =
0.03[-0.18, 0.23], p = 0.8), and matrix metallopeptidase-9 (SMD[95%CI] = -0.26[-0.97, 0.45], p = 0.5) levels did
not change after exercise.

Conclusions

Of the five angiogenesis blood markers evaluated in this meta-analysis, only VEGF and CD62E changed
with exercise. Although more studies are needed, changes in angiogenesis markers may explain the
beneficial effects of exercise on angiogenesis and health in older adults.

Background/introduction

Angiogenesis is the process of growth and formation of new blood vessels from pre-existing vessels,
helping to transport nutrients and proteins throughout the body. It requires the complex and coordinated
activity of different growth factors, cell adhesion molecules, and metabolites in endothelial cells [1, 2]. There
are several known angiogenesis markers, such as vascular endothelial growth factor (VEGF) and fibroblast
growth factor 2 (FGF2) that promote angiogenesis, and anti-angiogenic factors, such as endostatin which
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competitively inhibits VEGF and increases endothelial cell apoptosis [3, 4]. For e-selectin (CD62E), although
its role in angiogenesis has not been fully elucidated, it has been suggested to regulate the anti-angiogenic
activity of endostatin [5] and angiostatin, another potent angiogenesis inhibitor[6]. Interestingly,
metallopeptidase-9 (MMP9) is considered a pro-angiogenic factor that plays a crucial role in the modeling
of the extracellular matrix, but it is also involved in the generation of the anti-angiogenic factor, angiostatin
[7]. Importantly, several of these angiogenesis markers have been shown to change with age; VEGF and
FGF2 can decrease with age, while matrix metalloproteinases can increase [8]. Moreover, the age-related
impairment in angiogenesis can be associated with increased risk of cardiovascular diseases [9].
Considering the impairment of angiogenesis during aging [8, 10, 11], exploring interventions that can
improve angiogenesis can be particularly important in older adults.

In older adults, exercise has a positive impact on overall health and wellness [12], with particular benefits on
mental health and cardiovascular fitness [13]. Long-term physical activity of at least moderate intensity has
been shown to improve cognitive outcomes in older adults over 50 years old [14]. However, the mechanisms
via which exercise confers health benefits in older adults have not yet been fully elucidated. Physical
exercise has been shown to improve angiogenesis in animals and humans [11, 15-18]. Although
angiogenesis marker levels may return to baseline levels within a short interval (about 20 minutes)
following acute aerobic and resistance exercise [19], long-term exercise have been associated with
sustained alteration in angiogenesis marker levels and thus, may have more pronounced benefits for older
adults [20]. Several reviews have suggested that exercise can change angiogenesis marker levels in healthy
adults and even potentially older adults [11, 15-18], but the findings from exercise studies with
angiogenesis markers are inconsistent and no meta-analysis has yet evaluated the impact of exercise on
multiple angiogenesis blood markers in apparently healthy older adults. The aim of this systematic review
and meta-analysis was to determine the effect of exercise on various angiogenesis blood markers in
generally healthy older adults. This will allow for a better understanding of the angiogenesis processes
following physical exercise in older adults.

Methods

Data Sources and Search Strategy

This systematic review was conducted according to our pre-defined protocol registered on the International
Prospective Register of Systematic Reviews (CRD42022334061), following the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis guidelines [21]. English-language literature was searched on March
10, 2022, in Cochrane Central, Embase, and MEDLINE for original peer-reviewed articles. A sample search
strategy is included in Additional file 1. Reference lists of included articles were further examined for
additional eligible studies. Search strategies for all databases included key and MeSH terms with exercise
and key angiogenesis proteins of interest.

Study Selection
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Inclusion criteria were as follows: 1) healthy older adults (including overweight and obese older adults); 2)
> 50 years of age (mean), or if mean age was not reported, population description implied that the group
consisted of participants mostly = 50 years of age; 3) measured serum, plasma or blood concentrations of
selected angiogenesis proteins (Additional file 1) before and after an exercise intervention; and 4) the
exercise intervention was at least moderate intensity (e.g. =40 to 59% heart rate reserve (HRR) or oxygen
consumption reserve (VO,R), 46 to 63% of maximal oxygen consumption (VO,p.y), 64 to 76% of maximum
heart rate (HR,,5,) or 12—13 on the rating of perceived exertion (RPE) scale [22]), or if exercise intensity was
not reported, exercise described as running, cycling, or resistance training. Exclusion criteria were as follows:
1) studies conducted among populations with medical comorbidities or neuropsychiatric conditions that
could impact angiogenesis markers (e.g. diabetes, schizophrenia, etc.) 2) mean age of study participants
below 50 years of age; 3) significant study co-interventions that may impact the effect of exercise on
angiogenesis protein concentrations (e.g. high altitude [23], blood flow restriction [24], or drug trials); or 4)
exercise intensity below moderate intensity (e.g. yoga or easy walking).

When studies reported similar overlapping subjects, the larger sample size study was included. If an
overlapping sample between studies was suspected, clarification was sought by emailing the
corresponding authors. Studies with different populations or different exercise interventions in the same
article were not pooled; a minimum of three studies are needed for a meta-analysis [25]. Studies where data
cannot be extracted (e.g., pre- or post-intervention values not provided) were not included in a meta-
analysis. If insufficient for a meta-analysis, results from the included studies were qualitatively summarized
as numerically increased or decreased and whether the changes were significant. Inclusion eligibility was
assessed by two independent reviewers, and conflicts were resolved by consensus between the reviewers.

Data Extraction and Quality Assessment

Two independent reviewers extracted means and standard deviations (SD) of angiogenesis protein
concentrations pre- and post-exercise, population characteristics (e.g. mean age, male proportion, body
mass index (BMI), VO,,4x), €Xercise intervention characteristics (e.g. exercise duration, intensity, and
type/modality), risk of bias items (e.g. dropout rate, compliance), and other study details (e.g. compartment
of blood concentrations, protein quantification assay) from included studies into a pre-formatted
spreadsheet. When resting concentrations at multiple time points were available, the time-points that were
closest to the initiation and completion of the exercise intervention were included for analysis. Mean and
SD were estimated when the values were given in confidence intervals (Cl), quartiles, standard errors, or
graphic figures. Missing data were requested by email from the corresponding authors. Studies with
different populations or different exercise interventions in the same article were analyzed separately. The
risk of bias was evaluated based on criteria adapted from the Newcastle Ottawa Scale and the Cochrane
Collaboration’s Risk of Bias Assessment Tool [26, 27]. Two independent reviewers assessed the risk of bias,
and disagreement was resolved by consensus between the reviewers; the overall risk of bias was assessed
based on whether the study methodology may greatly contribute to bias under the present review question.

Statistical Analyses
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Standardized mean differences (SMD; hedges’ g) with 95% Cls were calculated using the random-effects
model as between-study variation was anticipated. Heterogeneity was quantified by the I? statistic, and the
Q statistics were used to test significant heterogeneity. If heterogeneity was detected (12 > 50%), a pre-
defined systematic investigation was performed using meta-regressions and sub-group analyses. Sub-
group analyses were performed with 1) exercise type, 2) exercise duration, 3) population (healthy,
overweight, and obese), 4) blood compartment, and 5) overall potential risk of bias rating. If more than 10
observations were available, meta-regressions with 1) mean age, 2) percent male, 3) exercise dose
(calculated by multiplying the exercise duration per session, number of sessions per week, and number of
weeks)[28], 4) BMI, and 5) VO,,,,, Were also performed. Publication bias was assessed using Egger’s test
and funnel plots with trim-and-fill to adjust for the bias. Funnel plots were visually inspected for potential
outliers which were analyzed using the leave-one-out meta-analysis method in STATA 17.0.

Results

Literature search findings

A total of 9288 records were found from the literature and two more were identified from references of
included articles. Forty-four articles met the inclusion criteria with sufficient data [29-72], and 38 of them
were included in the meta-analyses (Additional file 2). Seventeen angiogenesis markers were included in the
qualitative synthesis (Table 1); five of which were included in meta-analyses: VEGF, endostatin, CD62E,
FGF2, and MMP9. Characteristics of the included studies are presented in Additional file 3.
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Table 1

Included proteins and their abbreviations (if applicable)

Protein Name Abbreviation
Angiogenin
Angiopoietin-like protein 2 ANGPTL2
Angiopoietin-like protein 4 ANGPTL4
Endostatin
E-selectin CD62E
Fibroblast growth factor 2 FGF2
Hepatocyte growth factor HGF
Matrix metalloproteinase-2 MMP2
Matrix metalloproteinase-9 MMP9
Placental growth factor PIGF
Platelet derived growth factor AA PDGF-AA
Platelet derived growth factor BB PDGF-BB
Thrombospondin-1 TSP-1
Placental growth factor PIGF
Vascular endothelial growth factor VEGF
Vascular endothelial growth factorC ~ VEGF-C
Vascular endothelial growth factorD  VEGF-D

Pre-and Post-intervention Comparisons

In the meta-analyses (Table 2), resting blood concentrations of VEGF were significantly higher after exercise
(SMD [95%Cl] =0.18 [0.03, 0.34], p = 0.02; Fig. 1), while CD62E concentrations were significantly lower after
exercise (SMD [95%CI] = -0.72 [-1.42,-0.03], p = 0.04; Fig. 2). No differences in blood concentrations of
endostatin (Additional file 4), FGF2 (Additional file 5), and MMP9 (Additional file 6), were found pre-and
post-exercise. In the qualitative synthesis (Additional file 7), one article on ANGPTL4 and the one article on
TSP-1 reported a significant increase after exercise. Other comparisons for ANGPTL2, ANGPTL4, HGF,
PDGF-AA, PDGF-BB, VEGF-C, and VEGF-D were either not statistically significant or did not report statistical
significance, but mostly showed an increasing direction after exercise. Although not statistically significant,
MMP2 and PIGF comparisons showed a decreasing direction after exercise. The single study on angiogenin
did not report a significant change with exercise.
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Table 2
Summary of meta-analyses

Protein Number of SMD [95% VA p- 12 Chi- p- Potential
comparisons Cl value (%) square value Risk of
ublication
ias
CD62E 6 072 [1.42, -2.04 0.04 86.8 39.2 < Not
-0.03] 0.001  detected
Endostatin 5 0.28 [-0.56, 0.65 0.5 81.5 19.1 < Detected
1.11] 0.001
FGF2 5 0.03 [[0.18, 0.24 0.8 0 7.3 0.1 Not
0.23] detected
MMP9 6 026 [097, -071 05 89.1 30.2 < Not
0.45] 0.001 detected
VEGF 40 0.18 [0.03, 2.29 0.02 66.8 107.0 < Detected
0.34] 0.001

Assessment of potential bias

Thirty-five studies were found to have a low potential risk of bias and nine studies were found to have an
unclear potential risk of bias mainly due to unclear descriptions of the 1) exercise interventions, 2) protein
assays or measurement compartment, 3) mean age, 4) health status of the population (i.e. comorbidities),
and/or 5) exercise adherence and dropout rate (Additional file 8). Egger’s test detected a significant risk of
publication bias in VEGF (B[SE] =1.91 [0.62], p = 0.002) and endostatin (B[SE] = -7.62 [1.90], p < 0.001), but
publication bias was not detected (Egger’s test, p >0.05) in CD62E, FGF2, and MMP9 (Additional files 9-13).
Applying the trim-and-fill to the VEGF meta-analysis did not adjust the studies included or affect the effect
size (SMD [95%CI] = 0.18 [0.03, 0.34]). Endostatin’s effect size remained non-significant after adjusting for
potential publication bias using trim-and-fill (estimated SMD [95%CI] = 0.54 [-0.33, 1.41). Visual inspection
of the VEGF funnel plot revealed three potential outliers (Additional file 9); the leave-one-out meta-analysis
was performed and found similar effect sizes with the overall estimates for these three (“Kolasa-Trela
2017": SMD[95%CI] = 0.09 [-0.02, 0.19], p = 0.1, “Izzicupo 2017 (2)b": SMD [95%Cl] =0.12 [-0.003, 0.24], p
=.06, and “Park 2010": SMD[95%CI] = 0.14 [0.003, 0.28], p = 0.045; Additional file 14), as their updated
estimates still fell within the 95% Cl of the overall meta-analytical estimates (SMD [95%CI] = 0.18 [0.03,
0.34]).

Exploration of heterogeneity

Significant heterogeneity was detected in meta-analyses (Table 2) for VEGF (1> = 67% p <0.001), CD62E (12 =
87% p<0.001), endostatin (1> = 82% p <0.001), and MMP9 (1> =89% p <0.001), but not FGF2 (1= 0% p =
0.1). Subgroup analyses were performed for VEGF, CD62E, endostatin, and MMP9; meta-regressions were
performed with VEGF.

VEGF
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None of the subgroup analyses showed significant differences between the subgroups in VEGF (Fig. 3,
Additional files 15-18). Subgroup analysis of exercise type showed higher VEGF after exercise only in
aerobic exercise interventions (SMD [95%Cl] = 0.22 [0.02, 0.42], p = 0.03) with no reduced heterogeneity (1% =
70%, p<0.001), but not in the resistance training or combined aerobic and resistance group (both; Fig. 3).
Subgroup analysis of exercise duration (Additional file 15) did not show significant VEGF changes in the
subgroup with at least 4 weeks of exercise (= 4 weeks) or single session of exercise (1 session); the = 4
weeks subgroup showed a trend with higher VEGF after exercise (SMD [95%Cl] = 0.13 [-0.003, 0.26], p = 0.06)
and had reduced but still significant heterogeneity (= 4 weeks: 1> = 43% p <0.001; 1 session: I =69% p <
0.001). Subgroup analysis of the population (Additional file 16) also did not show significant VEGF
changes in the healthy, overweight, and obese population subgroups, but the healthy subgroup showed a
trend with higher VEGF after exercise (SMD [95%ClI] = 0.21 [-0.004, 0.42], p = 0.05) with no reduced
heterogeneity (healthy: I = 72%, p <0.001; obese: I? = 84% p < 0.0071; overweight: 1> = 0%, p = 0.9). Similarly,
subgroup analysis of the measurement compartment (Additional file 17) did not show significant VEGF
changes in the plasma and serum subgroups. The plasma subgroup showed a trend (SMD [95%Cl] = 0.42
[-0.02, 0.86], p = 0.06) but with no reduced heterogeneity (plasma: I = 89%, p < 0.001; serum: 12 = 0%, p =
0.96).

Subgroup analysis of the potential risk of bias (Additional file 18) showed higher VEGF after exercise only in
the low potential risk of bias studies (SMD [95%CI] = 0.22 [0.04, 0.40], p = 0.01) with no reduced
heterogeneity (12 =71%, p <0.001), but not in the unclear potential risk of bias studies. Meta-regression
analyses showed no significant associations between VEGF changes and mean age, percentage of the
male population, exercise dose, baseline BMI, or baseline VO, .« (Additional files 19-23).

CD62E

None of the subgroup analyses showed significant differences between the subgroups in CD62E (Additional
files 24-27). No population subgroup analysis was performed since the population was healthy across all
studies. CD62E was higher before exercise only in the > 4 weeks exercise duration subgroup (SMD [95%Cl]
=-0.86 [-1.64,-0.08], p = 0.03) with no reduced heterogeneity (I =88% p<0.001) and in the serum
compartment subgroup (SMD [95%ClI] = -1.22 [-2.33,-0.11], p = 0.03) with no reduced heterogeneity (1> =91%
p <0.001). No significant changes in CD62E were found in the exercise type or the potential risk of bias
subgroup that had more than one comparison.

Endostatin and MMP9

Endostatin was also analyzed with subgroups of exercise duration, population, measurement compartment,
and potential risk of bias, yielding a similar division of the subgroups (Additional files 28—31) with
significant between-group differences (x? = 18.4, p < 0.001); exercise type was aerobic across all studies, so
no subgroup analysis was performed for exercise type. Among the 5 comparisons, endostatin was higher
after exercise in the 1 session duration/serum compartment/low potential risk of bias subgroup (SMD
[95%CI] = 0.97 [0.58, 1.36], p < 0.001) with reduced heterogeneity (I12=0% p = 0.7), but it seems to go in the
opposite direction for the = 4 weeks duration /plasma compartment/unclear potential risk of bias subgroup
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at a reduced heterogeneity (12 = 0% p = 0.9) with the two comparisons included. MMP9 was also analyzed
with subgroups of exercise type, duration, population, compartment, and potential risk of bias, showing no
significant changes in the subgroups with more than one comparison (Additional files 32-36); none of the
subgroup analyses showed significant differences between the subgroups that had more than one
comparison.

Discussion

This systematic review and meta-analysis aimed to examine the changes in angiogenesis markers with
exercise in healthy older adults. Among the five angiogenesis markers that were included in meta-analyses,
there were significant differences in VEGF and CD62E concentrations after exercise, but no differences in
MMP9, FGF2, and endostatin. The increase in VEGF and the decrease in CD62E were heterogeneous with
small and medium effect sizes, respectively. The high I values in VEGF and CD62E analyses suggest
heterogeneity across studies, and the inconsistency in effect estimates may be contributed by differences
between studies, such as demographic variables, exercise parameters, and measurement protocols. Many
other proteins could not be included in the meta-analyses but showed a trend to increase with exercise in
the qualitative analysis. Our findings supported the observation that exercise can induce angiogenesis,
similar to previous reviews [11, 15, 16].

VEGF

VEGF induces angiogenesis by activating VEGF receptors, particularly VEGF receptor-2, to increase
microvascular permeability, endothelial cell proliferation and migration, and the release of matrix
metalloproteinases [1]. A recent systematic review and meta-analysis on exercise and inflammatory
markers evaluated VEGF, but only found one study from their search of randomized controlled trials, which
is not enough for a meta-analysis [73]. Our meta-analysis found an increase in peripheral VEGF after
exercise in exercise intervention studies. This result should be interpreted with caution as there might be
potential outliers in the analysis, as suggested by the leave-one-out meta-analysis but not the standard trim-
and-fill; the study characteristics of these comparisons did not reveal any noticeable differences in
experimental protocols from other included studies. Although the connection between exercise-induced
changes in peripheral VEGF and brain VEGF changes remains to be further investigated, animal studies
showed that exercising skeletal muscle may induce VEGF and cerebral angiogenesis through the activation
of lactate receptors [74, 75].

Our meta-regressions investigated the effects of demographic variables on the VEGF response. VEGF
changes after exercise did not show a significant association with age or sex, although aging has been
associated with decreased angiogenesis and VEGF levels [76], and females were found to have higher VEGF
levels than males in adults and the elderly at baseline [77]. Although the meta-regression did not find BMI to
be significantly associated with changes in VEGF concentrations after exercise, our subgroup analysis
found changes in VEGF to have a trend only in the “healthy” and not overweight or obese population.
Previously, serum VEGF levels were also positively correlated with BMI in non-diseased individuals [78].
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Based on the current findings, age and sex may not affect the VEGF response after exercise in older adults,
while it is unclear whether the response may be affected by BMI.

Variations in experimental protocols could also contribute to differences in VEGF response to exercise, as
examined in our subgroup analyses. Our subgroup analyses also found that peripheral VEGF increased
following aerobic exercise, but not after resistance training, similar to a previous meta-analysis which found
increased peripheral BDNF after aerobic exercise but not resistance training [79]. Additionally, a previous
review on exercise and angiogenesis suggested that although resistance and aerobic exercise both induce
angiogenesis, the effects are stronger in aerobic exercise [11]; this could be attributed to the increased
capillarity, particularly after aerobic training [80]. While there was no significant difference between the
studies conducted in plasma or serum, changes in VEGF were found to have a trend only in studies
conducted in plasma. Serum VEGF levels are significantly higher than plasma levels [81], and this
difference could be attributed to the storage of VEGF within platelets [82] since serum VEGF levels could be
increased by platelet activation in healthy and diseased states [83]. Although some evidence suggests that
serum VEGF changes may be more useful than plasma VEGF in cancer patients for prognosis [83], the
current evidence could not conclude whether plasma or serum is a more ideal specimen for monitoring
VEGF changes with exercise in older adults. These findings suggest that the effects of exercise may differ
due to cellular angiogenesis responses.

CD62E

On the other hand, CD62E levels were found to decrease with exercise. CD62E is an adhesion molecule in
vascular endothelial cells [84]. It is widely recognized as an endothelial and inflammatory marker regulating
leukocyte accumulation, but it has been suggested to also mediate angiogenesis [85]. Although its role in
angiogenesis remains to be clarified, the decreasing CD62E levels found with exercise in this paper may be
explained by CD62E'’s anti-angiogenic actions [5, 6]. Our current findings differ from a recent systematic
review that did not find CD62E levels to change after low-to-moderate-intensity aerobic exercise and
resistance exercise, although some other adhesion molecules in that review decreased [86]. This
discrepancy may reflect the inclusion of newer studies in the current meta-analysis; also, the previous paper
was a qualitative review [86] and not a meta-analysis. Our results are consistent with the notion that CD62E
may be more responsive to long-term exercise, as our subgroup analysis showed significant changes only
in the group that exercised for longer than 4 weeks. However, it should be noted that only one study was
identified in the other exercise duration subgroup (i.e., 1 session group), thus more studies are needed to
examine the effects of a single exercise session on peripheral CD62E levels. The CD62E response was also
only significant in the serum subgroup and not the plasma subgroup, but this may be due to the similar
inclusion of only 4-week exercise duration studies in the serum subgroup.

Endostatin, FGF2, and MMP9

The other three proteins that were included in the meta-analyses, endostatin, FGF2, and MMP?9, did not
show significant changes in association with exercise, but they all had a small sample size. Notably, only
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three articles were found for endostatin; two of the articles had two different participant groups, and thus, it
had five comparisons in total. Exploring further, the exercise duration, population (obesity), compartment,
and quality assessment subgroup analyses all showed that one article was significantly different from the
other two articles with significantly opposite endostatin responses. This finding suggests that exercise and
population parameters may influence endostatin response to exercise, but more research would be needed.
The current findings also suggest that FGF2, which can upregulate VEGF to induce angiogenesis [87], may
not be activated by exercise; alternatively, besides FGF2, VEGF can be activated by other factors and other
processes, such as hypoxia inducible factor[88]. Nevertheless, the findings should be interpreted with
caution despite the low heterogeneity in its analysis, since similarly to the articles with endostatin, only
three articles were found for FGF2. Moreover, MMP9 only had four comparisons in total from two articles.
Three of the four articles also had an unclear risk of bias. Although the high heterogeneity was lowered in
subgroup analyses, the subgroups often included only one or two comparisons. Considering the high
heterogeneity and the limited number of articles in the current analyses, more research is needed to
examine endostatin, FGF2, and MMP9 changes with exercise.

Limitations and future directions

A few limitations should be considered when interpreting our findings. Many proteins could not be included
in a meta-analysis due to the limited studies available. Amongst the five proteins that were included in the
meta-analyses, only a few studies were identified for endostatin, FGF2, and MMP9. Thus, the small sample
size may have contributed to the lack of response observed, and the results of endostatin, FGF2, and MMP9
should be interpreted with caution. In addition, despite attempts made to address the differences through
subgroup and meta-regression analyses, variations across the studies in study parameters such as exercise
interventions and demographics may have contributed to the high heterogeneity from the meta-analyses on
VEGF, CD62E, endostatin, and MMP9. Furthermore, nine of forty-four studies included in this paper had an
unclear overall risk of bias, and publication bias was a concern specifically in the VEGF meta-analysis
where trim-and-fill was not able to adjust the bias. Also, the protein changes observed may not be specific to
angiogenesis; changes in VEGF and CD62E could reflect changes in other pathways, like inflammation. For
example, CD62E has also been shown to improve endothelial inflammation [86] and exercise is known to
protect endothelial function by reducing inflammatory factors [89]. Therefore, more studies analyzing the
effects of exercise on various angiogenesis markers are needed. Moreover, since some angiogenesis
markers have shown transient responses after exercise [19], future research could be done on the duration
of exercise's effects on different angiogenesis proteins and the effects of measurement time points.
Additionally, dehydration after exercise can also decrease blood volume, affecting blood concentrations
[90], but the included studies in this meta-analysis did not provide enough information to examine this
effect; future studies could further explore the effects of dehydration on angiogenesis levels.

Conclusions

This systematic review and meta-analysis of angiogenesis blood markers in healthy older adults showed
changes after exercise in some angiogenesis blood markers, including VEGF and CD62E. The increase in
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VEGF after exercise may differ depending on the exercise type, and potentially the blood compartment of
measurements and population. The decrease in CD62E may also differ depending on exercise duration and
blood compartment of measurements. Our findings suggest that multiple angiogenesis markers, including
VEGF and CD62E, can change with physical exercise in older adults. However, many angiogenesis proteins
were only qualitatively reviewed because they could not be included in meta-analyses, suggesting the need
for further research. The study of additional angiogenesis blood markers can help elucidate the effects of
exercise on angiogenesis.
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Declarations

>4 weeks
1 session
ANGPTL2
ANGPTL4
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CD62E

Cl

FGF2
HGF
HRmax

HRR
MMP2
MMP9
PDGF-AA
PDGF-BB
PIGF
PIGF
RPE

SD

SMD
TSP-1
VEGF
VEGF-C
VEGF-D
VOamax

VO,R

At least 4 weeks of exercise
Single session of exercise
Angiopoietin-like protein 2
Angiopoietin-like protein 4
Body mass index

E-selectin

Confidence interval
Fibroblast growth factor 2
Hepatocyte growth factor

Maximum heart rate

Heart rate reserve

Matrix metalloproteinase-2

Matrix metalloproteinase-9

Platelet derived growth factor AA
Platelet derived growth factor BB
Placental growth factor

Placental growth factor

Rating of perceived exertion
Standard deviations

Standardized mean differences
Thrombospondin-1

Vascular endothelial growth factor
Vascular endothelial growth factor C
Vascular endothelial growth factor D

Maximal oxygen consumption

Oxygen consumption reserve
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Figure 1

Meta-analysis of resting VEGF concentrations pre-and-post exercise. Higher VEGF was found after exercise.

Page 22/25



After Exercise Before Exercise Hedges's g Weight

Study N Mean SD N Mean SD with 95% CI (%)
Brevetti 2001 18 320 19.0 18 33.0 19.0 —i— -0.05[-0.69, 0.59] 16.70
El-Kader 2019a 40 21 09 40 46 1.2 —— -2.23[-2.79, -1.68] 17.30
El-Kader2019b 40 33 10 40 45 12 - -1.14[-1.61, -068] 17.87
Lim 2015 15 464 67 15 481 6.7 = -0.25[-0.95, 045] 16.24
Niebauer 2005 9 609 112 9 618 B85 ——— -009[-097, 0.79] 14.81
Niederseer 2016 22 325 111 22 377 136 — -0.41[-1.00, 0.18] 17.08
Overall - -0.72 [ -1.42, -0.03]
Heterogeneity: 1° = 0.64, I* = 86.83%, H® = 7.60

Test of 8 = 8, Q(5) = 39.20, p = 0.00 Higher before exercise | Higher after exercise
Testof8=0:z=-2.04, p=0.04

Random-effects REML model
Sorted by: Study

Figure 2

Meta-analysis of resting CD62E concentrations pre-and-post exercise. Higher CD62E was found before
exercise.
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After Exercise Before Exercise Hedges's g Weight

Study M Mean SD N Mean SD with 95% CI (%)
aerobic

Adams 2004 11 158 98 11 140 989 0.17[-063, 0.98) 2.02
Adams 2008 68 340 619 68 489 66D | ] 0.23[-057, 0.10] 3.59
Brenner 2019a 58 740 761 58 703 700 0.05[-0.31, 0.41] 3.50
Brenner 20180 80 580 519 80 606 483 0.05[-0.36, 0.26] 3.69
Brixius 2008a 7 15 08 7 13 1.1 0.22[-076, 1.21] 160
Brixius 2008b 7 15 05 7 16 08 0.14[-112, 0.84] 1.60
Cho 2019 19 1466 431 19 1400 424 0.15[-047, 0.77) 256
Duggan 2014 83 3208 1946 B85 3350 1047 002[-032, 0.28] 3.7
Duggan 2016 117 2979 1988 117 3075 2059 0.05(-0.30, 0.21] 3.88
Grace 2015a 22 3270 1200 22 2480 930 0.72[ 012, 1.32] 264
Grace 2015b 17 1340 800 17 1290 64.0 0.07[-0.59, 0.72) 245
lzzicupo 2017 (1) 34 414 68 34 401 37 0.24[-023, 0.72) 3.10
lzzicupo 2017 (2)a 15 402 07 15 397 08 0.74[ 002, 147 225
lzzicupo 2017 (2)b 15 425 15 15 382 04 —8— 370 254, 487 1.27
Jamka 2021a 44 4590 2850 44 4750 2680 006[-047, 0.35] 3.31
Kang 2020 10 1981 203 10 1899 295 0.31[-053, 1.16] 1.9
Kolasa-Trela 2017 32 340 62 32 264 35 o 149 094, 2.04] 2.82
Luttrell 2020 9 4098 3891 9 3206 2874 0.25[-064, 1.13] 182
Maass 2016 21 3514 2250 18 3518 1832 0.00(-062, 061 2.58
MacMeil 2020a 13 820 442 13 T46 514 0.15[-0.60, 0.90) 2.18
MacNeil 20200 9 1207 1336 9 1343 1488 -009[-097, 0.79] 1.83
Ratajczak 2019a 22 108 829 22 1071 474 0.05(-053, 0.63 2.71
Ross 2018 9 397 647 9 276 414 0.21[-067, 1.10] 182
Sandri 2016 15 960 1007 15  B60D  TI6 0.11[-0.59, 0.81] 233
Thijssen 2006a 7 4878.8 B609.0 7 58205 7265.7 0.13[-1.11, 0.85] 1.60
Thijssen 2006b 7 60803 74317 7 56205 T285.7 0.03[-095 1.01] 161
Voss 2013a 28 5093 3145 26 4536 2054 0.21[-032, 073 289
Yasar 2021 9 1520 800 9 1910 1230 0.36[-125, 0.53] 1.81
Heterogeneity: 1° = 0.17, I = 70.23%, H* = 3.36 0.22[ 002, 042]

Test of 8 = 8: Q(27) = 78.44, p = 0.00

both
Despeghel 2021 30 150 85 30 221 161 W 0.57[-1.08, -0.06] 296
Formica 2020 72 4090 3961 77 4427 5787 -0.07(-039, 025 3.65
Jamka 2021b 41 4920 2750 41 4820 256.0 0.04[-039, 047 3.26
Kennedy 2021 18 847 507 20 980 1245 0.13[-0.76, 0.49] 256
Park 2010 0 286 72 10 108 53 — - 272( 153, 391 1.24
Park 2020 10 312 37 10 827 74 0.25[-1.10, 0.59] 192
Ratajczak 2019b 17 1287 804 17 137 55.0 0.21[-045, 0.87] 245
Heterogeneity: 1° = 0.67, I = 89.61%, H* = 963 0.18[-048, 0.84]

Test of 8, = 8;: Q(6) = 25.85, p = 0.00

resistance training

Marston 2019a 13 941 623 14 947 706 0.01[-074, 0.72] 222
Marston 2019b 12 930 923 15 777 692 0.18[-0.55, 0.92] 221
Roh 2020 13 626 133 13 581 114 0.36[-040, 1.11] 217
Voss 2013b 31 3183 2337 30 2733 2282 0.19(-0.30, 0.69] 3.01
Heterogeneity: 1° = 0.00, I = 0.00%, H® = 1.00 0.18[-0.14, 0.51]

Testof 8 = B Q(3) = 0.47, p = 0.93

unspecified

Pakiz 2011 42 335 27.0 42 29.3 218 0.17[-025, 053] 327
Heterogeneity: 1° = 0.00, I = %, H = : 0.17[-025, 0.59]
Testof 8 = 8: @(0) = 0.00,p=.

Overall 4 0.18[ 003, 0.34]
Heterogeneity: 1° = 0.15, I” = 66.83%, H' = 3.01

Test of B, = B2 Q(39) = 106.95, p = 0.00 Higher before exercise [Higher after exercise

Test of group differences: Q,(3) = 0.07, p=1.00

Random-effects REML model
Sorted by: Study

Figure 3

Sub-group analysis of exercise type on resting VEGF concentrations pre-and-post exercise. Studies either
had aerobic exercise (SMD [95%CI] = 0.22 [0.02, 0.42], p = 0.03), resistance training (SMD [95%CI] = 0.18
[-0.14, 0.51], p = 0.3), a combination of both aerobic and resistance training (both: SMD [95%CI] = 0.18
[-0.48, 0.84], p = 0.6), or did not specify the exercise intervention (unspecified: only one comparison).
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