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Abstract

Background: Several studies have linked vascular endothelial growth factors (VEGFs) with metabolic syndrome or
its components. However, there has been no systematic appraisal of the findings of these studies to date. The current
systematic review and meta-analysis was conducted to explore this association.

Methods: PubMed, EMBASE, the Cochrane library, and clinical trials registries were used to retrieve peer-reviewed
clinical studies that had evaluated the association of VEGFs with metabolic syndrome or its components without
applying language and date restrictions. The final search was performed on 29 September 2017.

Results: We included 32 studies in this systematic review and meta-analysis, of which 16 studies (19 study arms) were
included in the meta-analysis and remaining studies were qualitatively assessed. Overall, VEGF-A, VEGF-B and VEGF-

C were strongly associated with metabolic syndrome or its components. The components of metabolic syndrome
varied in their association. Obesity was not correlated with increased VEGF-A expression (p =0.12), whereas VEGF-B
and VEGF-C expression was significantly higher in those with obesity. In contrast, hyperglycemia in type 1 diabetes
was strongly associated with increased VEGF-A levels (p <0.00001), as was type 2 diabetes (p =0.0006). The studies
included in the qualitative analysis similarly showed an increase in VEGF family expression in people with metabolic
syndrome, and with its components.

Conclusion: The increased concentrations of vascular endothelial growth factors are variably associated with meta-
bolic syndrome or its components. Each VEGF protein has a unique set of associations with the disease state.
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Background

According to the World Health Organization (WHO)
definition, the metabolic syndrome (MetS) comprises
insulin resistance (IR) (defined as impaired fasting
glucose, impaired glucose tolerance or type 2 diabe-
tes mellitus (T2DM)), associated with at least two of
the following: obesity (waist-to-hip ratio>0.90 in
men or>0.85 in women, or BMI>30kg/m?), dyslipi-
demia (TGs>150mg/dL and/or HDL-C<35mg/dL
in men or<39mg/dL in women) and hypertension
(BP>140/90 mmHg) [1]. The MetS directly increases
the risk of atherosclerotic cardiovascular disease and
all-cause mortality, and in the current obesity era, it
demands novel therapeutic strategies to protect and
treat the affected population [1]. A perturbed cross-
talk between adipocytes and endothelial cells (ECs)
has been found to play a key role in the pathogen-
esis of obesity and consequent metabolic disturbances
[2, 3]. Communication between adipocytes and ECs
mostly takes place through the vascular endothelial
growth factors (VEGFs) and their receptors (VEGFR1,
VEGFR2, and VEGFR3), thus the role of these factors
in metabolic disturbances has been the focus of sci-
entific attention in recent years [3, 4]. Clarifying the
association between VEGFs and parameters of the met-
abolic syndrome holds both therapeutic and preventive
potential, and as such, requires a systematic analysis of
the existing data.

Clinical research on four VEGF proteins (VEGF-A,
VEGF-B, VEGF-C, and VEGF-D) in the context of the
metabolic syndrome have yielded diverse results. VEGF-
A-induced angiogenesis has been found to diminish
metabolic complications caused by a high-fat diet and
the metabolic syndrome. Accordingly, there is evidence
that increased circulating and adipose tissue levels of
VEGE-A in obesity significantly decrease in patients
with a dramatic weight loss [5-7]. The metabolic role of
VEGE-B, on the other hand, seems to be more complex
than that of VEGF-A [8]. While some authors report
increased circulating and adipose tissue VEGE-B levels
[9] in obese individuals, others disagree [10]. A further
study in mice implicates increased VEGF-B expression
in reducing metabolic complications [11]. The metabolic
roles of VEGF-C, VEGF-D, and a VEGF discovered in
human placenta called placental growth factor (PIGF)
have not been studied as extensively as those of VEGF-A
and VEGF-B, but the evidence suggests that circulating
VEGE-C is significantly increased in obese as compared
to lean individuals, whereas both circulating and adi-
pose tissue levels of VEGF-D seem to be significantly
lower in obese patients as compared to lean individuals,
showing a positive correlation with the degree of insulin
resistance [9, 10]. Furthermore, blockade of VEGF-C and
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VEGEF-D in mice reduces adipose tissue inflammation
and improves insulin sensitivity [12].

The ability of the VEGF superfamily to increase per-
fusion and therefore improve insulin delivery in adi-
pose tissues could be crucial for the treatment of insulin
resistance. Furthermore, these proteins may play a role
in preventing lipotoxicity and improving insulin signal-
ing through the regulation of FA uptake. It is therefore
important to explore the expression of these proteins
in such patients [8]. Since there has been no systematic
appraisal of the findings regarding the metabolic role of
VEGFs to date, we aimed to systematically review and
quantify all the available data on the expression of VEGE-
A, VEGE-B, VEGF-C, VEGF-D and PIFG in adults, ado-
lescents and children with metabolic syndrome or its
components.

Methods

The systematic review and meta-analysis was carried
out in accordance with the PRISMA guidelines [13],
and the review was registered in the PROSPERO Inter-
national Prospective Register of Systematic Reviews
(CRD42017077685).

Review question (PICOTS)

The question for our study was: In children, adolescents
and adults, are people with metabolic syndrome, or the
components of metabolic syndrome, compared with
controls, associated with higher concentrations of VEGF
family members in cross-sectional or cohort studies?

Data sources and search strategies
A comprehensive systematic search was carried out
using PubMed, the Cochrane Library, EMBASE and
international clinical trials registries without time or
language restrictions. The final search was conducted
on 29 September 2017. The search strategy as used for
PubMed was; (“vascular endothelial growth factor” OR
“VEGF-A” OR “VEGEF-B” OR “VEGF-C” OR “VEGEF-D”
OR “PIGF”) AND (“metabolic syndrome” OR “diabetes”
OR “T2DM” OR “obesity” OR “overweight” OR “hyper-
tension” OR “hyperglycemia” OR “high blood sugar” OR
“hypertriglyceridemia” OR “low-density lipoprotein”
OR low-HDL” OR “high-density lipoprotein” OR “insu-
lin resistance” OR “insulin resistance syndrome”) AND
(“fasting blood glucose” OR “FBG” OR “fasting blood
insulin” OR “FBI” OR HOMA-IR” OR “postprandial insu-
lin” OR “postprandial glucose” OR “body mass index” OR
“BMI” OR “body fat composition” OR “fasting metabolic
rate” OR “HbA1lc” OR “glycated haemoglobin” OR “body
weight”).

The search was modified for used in EMBASE, the
Cochrane Library and the clinical trials registries.
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Inclusion criteria

Citations were included if they met the following cri-
teria: the study was in children, adolescents, and or
adults; the participants in at least one cohort had
metabolic syndrome or at least one component of the
metabolic syndrome; the expression of VEGF-A or a
member of the VEGF superfamily was reported, and a
comparison was drawn between the individuals with or
without metabolic syndrome or its components. The
studies were excluded if they did not meet the inclusion
criteria. Articles without full text, conference abstracts,
comments, reviews, and studies based on animal mod-
els or cell lines were excluded.

Study selection and quality assessment

The citations and full-text articles were assessed for
inclusion or exclusion independently by two authors
using the double-blind coding assignment methodology
within EPPI-Reviewer 4 [14]. The quality of the studies
was determined using the National Institute of Health
Quality Assessment Tool for Observational Cohort and
Cross-Sectional Studies [15]. Two authors assessed and
rated the quality of the included studies. Any disagree-
ments regarding the article selection or quality assess-
ment were resolved by consensus, or by reference to a
third party.

Data extraction

The data extraction was performed by two authors
independently. Each author was assigned half of the
total included studies, and two authors individually
checked the extracted data. The data included: study
characteristics (disease state, country, study type, pop-
ulation, age, gender, and funding source), VEGF fam-
ily member measured, and VEGF expression levels. If
the data were only available in figures, the data were
extracted using WebPlotDigitizer [16]. Standard errors
were converted to standard deviations using the equa-
tion: SD = SEM x /N, where N is the number in the
study arm.

Statistical analysis

Extracted data were analyzed using Review Manager
5.3 [17]. As the data were reported in different formats,
we calculated standardized mean differences (SMD)
with 95% confidence intervals (CI). To convert SMDs
to mean differences (MD), we multiplied the SMD by
the median standard deviation of studies reporting the
outcome of choice using the same format. To avoid
double-counting, the population size of study arms that
were used twice were divided by two.
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The meta-analysis was done using a random-effects,
inverse variance model, as the differences in effect sizes
were expected to be modified by variations in popula-
tions. Heterogeneity was reported as 12, X% and I2. A
funnel plot was created to identify potential publication
bias in the included studies. All statistical results were
considered to be significant if the p-value was < 0.05.

The potential for publication bias was tested by meas-
uring asymmetry in the funnel plot as determined by
Egger et al. [18] using the regtest.rma function in the
metaphor package (Version 2.0-0) [19].

A priori subgroup analysis/sensitivity analysis

We planned a priori subgroup analyses based on: con-
comitant medication, funding source, age of participants,
co-morbidities of participants and gender of participants.

Results

Study characteristics

In total, 1345 citations were uploaded into EPPI-
Reviewer 4 [14] (Fig. 1). After removal of duplicates, 729
abstracts were subjected to inclusion as stated above.
After coding at the title/abstract level, 79 full texts were
obtained. Of these, 32 studies including 36 study arms
were included in the final analysis (Table 1) [9, 20-50]. Of
these, 19 study arms from 16 studies were included in the
meta-analysis.

Quality of included studies

The quality of the included studies is presented in
Table 2. Of the 32 included studies, 18 studies were
rated as “poor’;, 12 were rated “fair” and only two study
was rated as “good” quality. Most of these studies were
cross sectional, thus unable to establish temporality
between exposure and outcome. This significantly lim-
its the potential for any causal inference. In addition,
most studies did not adjust for confounding variables in
statistical analyses. This likely introduced bias into the
reported associations. The sample sizes for many of these
studies were small and lacked evidence of power calcu-
lations. Even when sample sizes were adequate, control
participants were often drawn from populations suffi-
ciently different from cases (e.g. hospital staff compared
to patients) that any results from comparisons may be
biased.

Association of VEGFs with metabolic syndrome or its
components—meta-analysis

We undertook a subgroup meta-analysis of VEGFs
expression in people with and without metabolic syn-
drome or its components by VEGF protein (Fig. 2).
Most studies measured VEGF-A concentrations, with
only two studies each reporting on VEGF-B, VEGF-C
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or VEGE-D. In all cases except VEGF-D, the expression
of the VEGF family was higher in people with metabolic
syndrome or components of the metabolic syndrome.
Expression of VEGF-A was significantly higher
(SMD =0.52; 95% CI 0.34, 0.71; p<0.0001) in people
with metabolic syndrome or components thereof. This
equates to an increase in VEGFs expression of over
50 pg/mL. The two studies (three study arms) reporting
on VEGEF-B expression, as well as the two studies (three
study arms) reporting on VEGF-C, were associated
with significantly higher VEGF expression (p<0.0001,
p<0.0001, respectively). Heterogeneity as measured by
P varied from 0% (VEGF-C) to 91% (VEGF-D). The lat-
ter was driven entirely by Gomez-Ambrosi [9].

To investigate differences in VEGFs expression based
on different metabolic syndrome components, we
undertook a meta-analysis of studies of people with
at least three of the five components of the metabolic
syndrome, or where the study authors stated that the
cohort had metabolic syndrome (Fig. 3). Only two
studies could be included in the meta-analysis. How-
ever, these two studies both demonstrated a significant
increase in VEGF-A expression, and together were sta-
tistically significant (SMD =1.27; 95% CI 0.09, 2.45;
p=0.03). This equates to a mean difference in VEGF-A
expression of approximately 150 pg/ml. Heterogeneity
as measured by I” was high (87%).
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Table 2 Quality assessment of the included studies

Study Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 aQmn Q12 Q13 Q14 Rating
Doupis 2011 [50] Yes  Yes NR Yes No No No Yes  Yes No Yes (@] NA Yes Poor
Du 2016 [20] Yes Yes NR Yes No No No Yes Yes No Yes CD NA Yes Poor
Erman 2016 [21] Yes  Yes NR No No No No NA Yes No Yes cD NA No Poor
Gomez-Ambrosi 2010 [9] Yes No NR Yes No No No NA Yes No Yes CD NA No Poor
Guo 2014 [22] No Yes NR Yes No No No Yes Yes No Yes D NA No Poor
Hanefeld 2016 [23] Yes  Yes NR cD No No No Yes  Yes No Yes cD NA No Poor
Jain 2013 [24] Yes Yes NR Yes Yes No No NA Yes No Yes cD NA Yes Fair
Jesmin 2013 [25] Yes Yes NR No No Yes Yes NA Yes No No cD Yes No Fair
Kakizawa 2004 [26] Yes Yes NR Yes No Yes Yes NA Yes No Yes (@] Yes Yes Good
Kubisz 2010 [27] Yes Yes Yes Yes No No No NA  Yes No Yes CcD NA Yes Fair
Lim 2004 [28] Yes  Yes NR Yes No No No No Yes No Yes cb NA No Poor
Litvinova 2014 [29] Yes Yes NR Yes No Yes No Yes Yes No Yes CcD Yes Yes Fair
Loebig 2010 [30] Yes  Yes NR cD No No No Yes Yes No Yes cD NA No Poor
MacEneaney 2010 [31] Yes Yes NR Yes No No No Yes Yes No Yes cD NA No Poor
Mahdy 2011 [32] Yes Yes NR Yes No NA~ NA  NA Yes VYes Yes (@b} Yes Yes Good
Marek 2010 [33] Yes  Yes NR Yes No No No NA Yes No Yes (@) NA Yes Fair
Mirhafez 2015 [34] Yes Yes NR Yes No No No Yes Yes No Yes D NA Yes Fair
Mirhafez 2016 [35] Yes  Yes NR No No No No Yes  Yes No Yes CcD NA No Poor
Mysliwiec 2008 [36] Yes No NR No No No No No Yes No Yes CD NA No Poor
Nandy 2010 [37] Yes  Yes NR Yes  No No No Yes  Yes No Yes cD NA Yes Fair
Ozturk 2009 [38] Yes  Yes NR cD No No No NA Yes No Yes cD NA No Poor
Ruszkowska-Ciastek 2014 [39]  Yes  Yes NR cD No No No Yes Yes No Yes cD NA No Poor
Schlingemann 2013 [40] Yes  Yes NR cb No No No Yes Yes No Yes cD NA No Poor
Seckin 2006 [41] Yes Yes NR Yes No No No Yes Yes No Yes cD NA No Poor
Siervo 2010 [42] Yes Yes Yes Yes No No No NA  Yes No Yes CcD NA Yes Fair
Siervo 2012 [43] Yes Yes Yes Yes No No No NA Yes No Yes CcD NA Yes Fair
Silha 2005 [44] Yes  Yes NR No No No No Yes Yes No Yes CcD NA Yes Fair
Suguro 2008 [45] Yes Yes NR Yes  No Yes  No NA  Yes No Yes cD Yes No Poor
Valabhji 2001 [46] Yes Yes NR No No No No NA Yes No Yes D NA No Poor
Wada 2010 [47] Yes Yes NR Yes  No No No NA  Yes No Yes cD NA Yes Fair
Wu 2017 [48] Yes Yes NR Yes No Yes No No Yes No Yes CD NA Yes Fair
Zorena 2010 [49] Yes No NR No No No No Yes  Yes No Yes (@) NA No Poor

CD cannot determine, NA not applicable, NR not reported

Q1. Was the research question or objective in this paper clearly stated?, Q2. Was the study population clearly specified and defined?, Q3. Was the participation rate of
eligible persons at least 50%?, Q4. Were all the subjects selected or recruited from the same or similar populations (including the same time period)? Were inclusion
and exclusion criteria for being in the study prespecified and applied uniformly to all participants?, Q5. Was a sample size justification, power description, or variance
and effect estimates provided?, Q6. For the analyses in this paper, were the exposure(s) of interest measured prior to the outcome(s) being measured?, Q7. Was the
timeframe sufficient so that one could reasonably expect to see an association between exposure and outcome if it existed?, Q8. For exposures that can vary in
amount or level, did the study examine different levels of the exposure as related to the outcome (e.g., categories of exposure, or exposure measured as continuous
variable)?, Q9. Were the exposure measures (independent variables) clearly defined, valid, reliable, and implemented consistently across all study participants?, Q10.
Was the exposure(s) assessed more than once over time?, Q11. Were the outcome measures (dependent variables) clearly defined, valid, reliable, and implemented
consistently across all study participants?, Q12. Were the outcome assessors blinded to the exposure status of participants?, Q13. Was loss to follow-up after baseline
20% or less?, Q14. Were key potential confounding variables measured and adjusted statistically for their impact on the relationship between exposure(s) and
outcome(s)?

Several studies measured VEGF concentrations in
people with or without obesity. We performed a sub-
group meta-analysis of studies including people with
obesity (Fig. 4). This meta-analysis included 12 study
arms from four individual studies. Neither VEGF-A
nor VEGF-D expression was increased in people with

obesity (SMD =0.66; 95% CI —0.17, 1.49; p=0.12) and
(SMD =0.84; 95% CI —1.33, 3.00; p=0.45), respec-
tively. Whereas, the studies in people with obesity that
measured VEGF-B (p=0.006) and VEGF-C (p=0.03)
showed statistically significantly higher VEGF-B or C
protein expression in people with obesity. Heterogene-
ity as measured by I? varied from 0% (VEGF-C) to 95%
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Heterogeneity: Tau® = 0.07; Chi* = 31.75, df = 16 (P = 0.01); I* = 50%
Test for overall effect: Z = 5.46 (P < 0.00001)

1.1.2 VEGF-B

Comez-Ambrosi 2010 4,609 2,202 24 2,788 1,038 15 26.2%
Wu 2017/1 189.33  39.22 45 142.62 40.14 20 36.3%
Wu 2017/2 166.73 4377 37 14262 40.14 20 37.6%
Subtotal (95% CI) 106 55 100.0%

Heterogeneity: Tau® = 0.02; Chi® = 2,34, df = 2 (P = 0.31); I’ = 15%
Test for overall effect: Z = 4.67 (P < 0.00001)

Components of Met § Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD  Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 VEGF-A
Du 2016 106.62 29.8 25 9395 23.68 20 5.7% 0.46 [-0.14, 1.05] T
Erman 2016 791.39 392.24 45 521.68 397.01 17 5.9% 0.68 [0.11, 1.25] S———
Gomez-Ambrosi 2010 296 160 24 150 104 15 4.8% 1.01 [0.32, 1.70] —
Hanefeld 2016 - serum 492.29 335.97 302 335.97 223.23 99 11.0% 0.50 [0.27, 0.73] ="
Jain 2013 2107  120.2 19 138.73 64.38 19 5.0% 0.73 [0.07, 1.39] T
Kakizawa 2004 345 175 45 2342 179.1 54 8.2% 0.62 [0.21, 1.03] = Fre
Loebig 2010 87.16 52.56 15 6091 47.72 15 4.4% 0.51[-0.22, 1.24] i [
MacEneaney 2010 27.3 4925 42 29 21 25 6.9% -0.04 [-0.54, 0.45] -
Nandy 2010 421 1131 8 294 12.6 11 2.9% 1.00 [0.03, 1.98] —
Nandy 2010/2 24.2 3.49 15 294 12.6 11 3.9%  -0.59[-1.39,0.21] —_—
Ozturk 2009 137.29 84,45 31 100.47 4966 28 6.6% 0.52 [-0.00, 1.04] [
Schlingemann 2013 5.4 7 21 6.1 9.5 21 5.6%  -0.08 [-0.69, 0.52] —_—1
Seckin 2006 61.02 15.6 30 4791 461 40 6.6% 1.20[0.69, 1.72] —
Silha 2005 females 336.41 12093 21 246.7 197.04 33 6.1% 0.51 [-0.04, 1.07] ==
Silha 2005 males 246.7 113.46 4 236.15 187.43 24 2.5% 0.06 [-1.00, 1.12] s —
Suguro 2008 812 678 36 214 21556 24 6.1% 1.09 [0.53, 1.64] — =0
Zorena 2010 183.6 96.6 74 1453 75.6 30 7.8% 0.42 [-0.01, 0.85] e
Subtaotal (95% ClI) 757 486 100.0% 0.52 [0.34, 0.71] L 3

0.96 [0.28, 1.65] —
1.17 [0.60, 1.73] ——
0.56 [0.00, 1.11] ——
0.89 [0.51, 1.26] -

1.1.3 VEGF-C

Gomez-Ambrosi 2010 17,635 5,117 24 13,453 5750 15 38.9% 0.76 [0.09, 1.43] —a—

Silha 2005 females 18.02 5.27 21 1198 3.91 33 47.5% 1.33 [0.72, 1.93] -

Silha 2005 males 16.67 7.18 4 10.21 4.07 24 13.7% 1.38[0.25, 2.51] —

Subtotal (95% Cl) 49 72 100.0% 1.12 [0.70, 1.53] -

Heterogeneity: Tau® = 0.00; Chi* = 1.75, df = 2 (P = 0.42); I’ = 0%

Test for overall effect: Z = 5.24 (P < 0.00001)

1.1.4 VEGF-D

Gomez-Ambrosi 2010 270 122 24 538 301 15 34.1% -1.26[-1.97, -0.55] —

Silha 2005 females 1,177.89 665.66 21 697.89 544.24 33 35.1% 0.80[0.23, 1.37] T

Silha 2005 males 830.53 720 4 397.89 3249 24 30.8% 1.07 [-0.03, 2.17] &

Subtotal (95% CI) 49 72 100.0% 0.18 [-1.30, 1.66] e

Heterogeneity; Tau® = 1,55; Chi’ = 22.81, df = 2 (P < 0.0001); I = 91%

Test for overall effect: Z = 0.24 (P = 0.81)

-4 -2 ] 4
Ls in M5 t High in M5 t

Test for subgroup differences: Chi* = 8.44, df = 3 (P = 0.04), I = 64.4% Sol Yymana e in Hymptems

Fig. 2 Subgroup meta-analysis of VEGF expression by VEGF protein
Case Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Erman 2016 791.39 392.24 45 521.68 397.01 17 50.6% 0.68 [0.11, 1.25] =

Suguro 2008 812 382.69 36 214  159.2 24 49.4% 1.88 [1.26, 2.50] E 3

Total (95% CI) 81 41 100.0% 1.27 [0.09, 2.45] <

Heterogeneity: Tau® = 0.63; Chi® = 7.80, df = 1 (P = 0.005); I* = 87% + t t +

Test for overall effect: Z = 2.11 (P = 0.03) = = J ) 19

e e - Higher in control Higher in case

Fig. 3 Meta-analysis of VEGF-A expression in metabolic syndrome. Metabolic syndrome was defined as at least three of: obesity, hypertension, low
HDL, hyperglycemia, hypertriglyceridemia or high LDL

(VEGE-D). The latter was driven entirely by Gomez-
Ambrosi 2010 [9].

Hypertension is an important component of meta-
bolic syndrome. One study looked at the effect of
hypertension in children with type 1 diabetes (Fig. 5).
Compared with healthy children, VEGF concen-
trations were much higher in children with type 1

diabetes and hypertension (SMD =2.34, 95% CI 1.55,
3.12, p<0.0001). Similarly, hypertension was strongly
associated with increased VEGF concentrations even
compared with children with type 1 diabetes and nor-
mal blood pressure (SMD=1.62, 95% CI 1.03, 2.21,
p<0.0001). We intended to analyse the correlation of
hypertension with different VEGF proteins, but due to a
lack of studies we weren’t able to perform this analysis.
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Case Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
1.2.1 VEGF-A
Gomez-Ambrosi 2010 296 160 24 60.97 52.2 15 19.7% 1.77 [1.00, 2.54] -
Loebig 2010 86.73 56.6 15 29 4.2 25 19.9% 1.64 [0.90, 2.38] -
MacEneaney 2010 27.3 7.6 42 38.26 1485 24 21.8% -0.12 [-0.62, 0.38] *
Silha 2005 females 26.39 107.9 21 34.3 1933 33 21.5% -0.05 [-0.59, 0.50] ¥
Silha 2005 males %6.73 30.1 4 38.20 148.5 24 17.1% 0.13 [-0.93, 1.19] -
Subtotal (95% CI) 106 121 100.0% 0.66 [-0.17, 1.49] -3
Heterogeneity: Tau® = 0.76; Chi® = 29.69, df = 4 (P < 0.00001); I = 87%
Test for overall effect: Z = 1.56 (P = 0.12)
1.2.2 VEGF-B
Gomez-Ambrosi 2010 4,609 2,202 24 2,788 1,038 15 100.0% 0.96 [0.28, 1.65] ,
Subtotal (95% CI) 24 15 100.0% 0.96 [0.28, 1.65]
Heterogeneity: Not applicable
Test for overall effect: Z = 2.77 (P = 0.006)
1.2.3 VEGF-C
Gomez-Ambrosi 2010 17,635 5,117 24 13,453 5,750 15 34.7% 0.76 [0.09, 1.43] el
Silha 2005 females 18.02 225 21 1198 27.2 33 51.5% 0.23 [-0.32, 0.78]
Silha 2005 males 16.67 7.6 4 10.21 219 24 13.8% 0.30[-0.76, 1.36] ‘E
Subtotal (95% Cl) 49 72 100.0% 0.43 [0.03, 0.82]
Heterogeneity: Tau® = 0.00; Chi® = 1.50, df = 2 (P = 0.47); I = 0%
Test for overall effect: Z=2.12 (P = 0.03)
1.2.4 VEGF-D
Gomez-Ambrosi 2010 270 122 24 538 301 15 34.0% -1.26[-1.97, -0.55] -
Silha 2005 females 1,177.89 253.1 21 697.89 321.2 33 34.3% 1.59 [0.96, 2.22] -
Silha 2005 males 830.53 75.9 4 397.89 195.4 24 31.7% 2.26 [1.03, 3.50] —=
Subtotal (95% CI) 49 72 100.0% 0.84 [-1.33, 3.00] e
Heterogeneity: Tau® = 3.45; Chi® = 42.88, df = 2 (P < 0.00001); I¥ = 95%
Test for overall effect: Z = 0.76 (P = 0.45)
-10 -5 5 10
: - R Higher in control Higher in case
Test for subgroup differences: Chi* = 1.88, df = 3 (P = 0.60), I* = 0%
Fig. 4 Subgroup meta-analysis of VEGF expression in obesity by VEGF protein. Obesity was defined as a mean BMI greater than 30

Control
Mean

Case
Study or Subgroup Mean SD Total

Std. Mean Difference
SD Total Weight

Std. Mean Difference

IV, Random, 95% ClI IV, Random, 95% CI

1.7.1 T1DM + hypertension vs T1DM

Heterogeneity: Not applicable
Test for overall effect: Z = 5.83 (P < 0.00001)

Test for subgroup differences: Chi® = 2.05,df = 1 (P = 0.15), I = 51.2%

diastolic blood pressure over 85 mm Hg

Zorena 2010 340.23 93.22 16 1836 96.6 74 100.0%
Subtotal (95% CI) 16 74 100.0%
Heterogeneity: Not applicable

Test for overall effect: Z = 5.35 (P < 0.00001)

1.7.2 T1DM + hypertension vs healthy

Zorena 2010 340.23 93.22 16 145.3 75.6 30 100.0%
Subtotal (95% CI) 16 30 100.0%

1.62 [1.03, 2.21]
1.62 [1.03, 2.21]
2.34 [1.55, 3.12]
2.34 [1.55, 3.12]

-10 -5 0 5 10
Higher in control Higher in case

Fig.5 Meta-analysis of VEGF-A expression in hypertension. Hypertension was defined as a systolic blood pressure over 130 mm Hg, and/or a

Hyperglycemia, either as part of diabetes or impaired
glucose tolerance (pre-diabetes), is another important
component of metabolic syndrome. We included 11
study arms from 8 individual studies (Fig. 6), all of which
measured VEGF-A. The analysis of studies comparing
those with type 2 diabetes and healthy controls dem-
onstrated a strong association between hyperglycemia

and increased VEGF expression (SMD=0.69, 95% CI
0.34, 1.04; p=0.0001), although heterogeneity was high
(P =83%). When comparing people with type 2 diabetes
and people with impaired glucose tolerance, a significant
increase in VEGF was still observed (SMD =0.71, 95% CI
0.17, 1.25, p=0.01). We intended to analyse the correla-
tion of hyperglycemia with different VEGF proteins, but
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due to a lack of this studies we weren’t able to perform
this analysis.

There were no studies specifically targeting patients
with hypertriglyceridemia. However, we took the four
studies in people with high triglycerides in addition to
other conditions and undertook a meta-analysis (Fig. 7).
The meta-analysis of the five included study arms
was associated with a significant increase in VEGF-A
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expression (SMD=0.65, 95% CI 0.14, 1.15, p=0.01).
Heterogeneity was high (F=89%).

There were no studies specifically targeting patients
with raised LDL-cholesterol. We therefore took the two
studies in people with high LDL-cholesterol in addi-
tion to other conditions and undertook a meta-analysis
(Fig. 8). The meta-analysis of these studies did not show
an association between high LDL-C and higher VEGF

Test for subgroup differences: Chi* = 0.00, df = 1 (P = 0.95), I = 0%

Case Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.5.1 T2DM vs healthy
Du 2016 106.62 29.8 25 9395 2368 20 10.3% 0.46 [-0.14, 1.05] [
Hanefeld 2016 - plasma 67.02 36.71 302 67.87 4358 99 13.9%  -0.02 [-0.25, 0.20]
Hanefeld 2016 - serum 492.29 335.77 302 335.97 223.23 99  13.9% 0.50[0.27, 0.73] b
Jain 2013 210.7 120.2 19 138.73 64.38 19 9.7% 0.73 [0.07, 1.39] [
Kakizawa 2004 345 175 45 2342 179.1 54 12.3% 0.62 [0.21, 1.03] i
Nandy 2010 42.1 16 8 294 21.44 11 7.1% 0.63 [-0.31, 1.56) T
Ozturk 2009 137.29 B84.45 31 100.47 49.66 28 11.1% 0.52 [-0.00, 1.04] [==
Suguro 2008 812 382.69 36 214  159.2 24 10.0% 1.88 [1.26, 2.50] B
Wu 2017 189.33 39.22 45 142.62 40.14 39 11.7% 1.17 [0.70, 1.63] -
Subtotal (95% CI) 813 393 100.0% 0.69 [0.34, 1.04] 4
Heterogeneity: Tau® = 0.21; Chi* = 47,72, df = 8 (P < 0.00001); I* = 83%
Test for overall effect: Z = 3.86 (P = 0.0001)
1.5.2 T2DM vs impaired glucose tolerance
Nandy 2010 42.1 16 8 24.2  14.23 15  27.2% 1.16 [0.23, 2.10] ——
Wu 2017 189.33 39.22 45 166.73 43.77 37 T72.8% 0.54 [0.10, 0.98] ]
Subtotal (95% CI) 53 52 100.0% 0.71 [0.17, 1.25] &
Heterogeneity: Tau? = 0.05; Chi* = 1.38, df = 1 (P = 0.24); I = 28%
Test for overall effect: Z = 2.57 (P = 0.01)
-10 -5 0 5 10
Higher in control High in case

Fig. 6 Subgroup meta-analysis of VEGF-A or VEGF-B expression in hyperglycemia by VEGF protein. Hyperglycemia was defined as a fasting blood
glucose concentration over 100 mg/dl (> 5.6 mmol/L). VEGF-B was analyzed in Wu 2017. All other studies analyzed VEGF-A

Test for overall effect: Z = 2.51 (P = 0.01)

(>1.7 mmol/L)

Case Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Du 2016 106.62 29.8 25 9395 2368 20 18.0% 0.46 [-0.14, 1.05] T
Erman 2016 791.39 392.24 45 521.68 397.01 17 18.4% 0.68 [0.11, 1.25] R
Hanefeld 2016 - plasma 67.02 36.71 302 67.87 4358 99 23.0% -0.02 [-0.25, 0.20] ”
Hanefeld 2016 - serum  492.29 335.77 302 335.97 223.23 99 22.9% 0.50[0.27, 0.73] -
Suguro 2008 812 382.69 36 214 1592 24 17.6% 1.88[1.26, 2.50] o
Total (95% CI) 710 259 100.0% 0.65 [0.14, 1.15] -
Heterogeneity: Tau* = 0.28; Chi* = 36.49, df = 4 (P < 0.00001); I’ = 89% _54 _-‘2 3 é ";

Higher in control Higher in case

Fig. 7 Meta-analysis of VEGF-A expression in hypertriglyceridemia. Hypertriglyceridemia was defined as fasting blood triglycerides over 150 mg/dl

Case Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Erman 2016 791.39 392.24 45 521.68 397.01 17 47.8% 0.68 [0.11, 1.25] L
MacEneaney 2010 27.3 115.8 42 29 51.2 25 52.2%  -0.02 [-0.51, 0.48]
Total (95% CI) 87 42 100.0% 0.31 [-0.37, 0.99]
Heterogeneity: Tau? = 0.17; Chi® = 3.24, df = 1 (P = 0.07); I* = 69% t + + + |
i -10 -5 0 L 10
Test for overall effect: Z = 0.91 (P = 0.36) Higher in control Higher in case
Fig. 8 Meta-analysis of VEGF-A expression in high LDL-C. High LDL-C was defined as fasting LDL-D over 131 mg/dl (> 3.4 mmol/L)
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expression (SMD=0.31, 95% CI —0.37, 0.99, p=0.36).
Heterogeneity was moderate (I°=69%). There were no
studies in people with low HDL-cholesterol.

As stated earlier, we intended to undertake subgroup
or sensitivity analysis based on concomitant medica-
tion, funding source, age of participants, co-morbidities
of participants and gender of participants. Due to the
paucity of data, we could only undertake subgroup anal-
yses by funding source (Fig. 9), gender (Fig. 10) and age
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(Fig. 11). There were no significant differences between
any subgroups. The differences in plasma compared with
serum VEGF led us to undertake a post hoc sensitivity
analysis of VEGF-A. Removing the studies that measured
plasma VEGF-A from the overall analysis (thus includ-
ing serum VEGE-A only) led to a slight increase in the
SMD (0.63, 95% CI 0.45, 0.80, p<0.0001) and a reduction
of the heterogeneity as measured by I? from 50 to 11%.
The studies measuring plasma VEGF-A concentrations

Disease Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
4.1.1 Industry funding
Hanefeld 2016 - serum  492.29 33577 302 335.97 223.23 99 100.0% 0.50 [0.27, 0.73] ,
Subtotal (95% CI) 302 99 100.0% 0.50 [0.27, 0.73]
Heterogeneity: Not applicable
Test for overall effect: Z = 4.27 (P < 0.0001)
4.1.2 University/government funding
Du 2016 106,62 29.8 25 93.95 2368 20 5.6% 0.46 [-0.14, 1.05] =
Erman 2016 791.39 392.24 45 521.68 397.01 17 5.9% 0.68 [0.11, 1.25] =
Gomez-Ambrosi 2010 296 160 24 150 104 15 4.8% 1.01 [0.32, 1.70] e
Jain 2013 210.7 120.2 19 138.73 64.38 19 5.0% 0.73 [0.07, 1.39] ———
Kakizawa 2004 345 175 45 2342 1791 54 8.0% 0.62[0.21, 1.03] —
Loebig 2010 87.16 52.56 15 60.91 47.72 15 4.4% 0.51[-0.22, 1.24] i
MacEneaney 2010 27.3  49.25 42 29 21 25 6.8% -0.04 [-0.54, 0.45] =
Nandy 2010 42,1 1131 8 29.4 12.6 11 2.9% 1.00 [0.03, 1.98] "
Nandy 2010/2 24,2 3.49 15 29.4 12.6 11 3.9% -0.59 [-1.39, 0.21] —
Ozturk 2009 137.29 B84.45 31 100.47 49.66 28 6.5% 0.52 [-0.00, 1.04] [
Schlingemann 2013 14.9 10.7 21 10.4 4.9 21 5.4% 0.53 [-0.09, 1.15] i
Seckin 2006 61.02 15.6 30 47.91 4.61 40 6.5% 1.20[0.69, 1.72] =
Silha 2005 females 336.41 120.93 21 246.7 197.04 33 6.0% 0.51 [-0.04, 1.07] | T
Silha 2005 males 246.7 113.46 4 236.15 187.43 24 2.6% 0.06 [-1.00, 1.12] I S
Suguro 2008 812 678 36 214 215.56 24 6.1% 1.09 [0.53, 1.64] —
Wada 2010 183.6 96.6 74 1453 75.6 30 7.7% 0.42 [-0.01, 0.85] =
Wu 2017/1 189.33 39.22 45 14262 40.14 20 5.9% 1.17 [0.60, 1.73] i
Wu 2017/2 166.73 43.77 37 142.62 40.14 20 6.1% 0.56 [0.00, 1.11] 5.
Subtotal (95% CI) 537 427 100.0% 0.60 [0.41, 0.79] &
Heterogeneity: Tau? = 0.07; Chi® = 31.56, df = 17 (P = 0.02); I* = 46%
Test for overall effect: Z = 6.19 (P < 0.00001)

4 -2 0 p 4
i 4 Higher in control Higher in disease
Test for subgroup differences: Chi* = 0.43, df = 1 (P = 0.51), I° = 0%
Fig. 9 Subgroup meta-analysis of VEGF-A or VEGF-B expression by funding source. VEGF-B was analyzed in Wu 2017. All other studies analyzed
VEGF-A

Test for subgroup differences: Chi® = 0.13, df = 1 (P = 0.72), I’ = 0%
Fig. 10 Subgroup meta-analysis of VEGF-A expression by gender

Disease Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
4.2.1 Females
Silha 2005 females 336,41 120.93 21 246.7 197.04 33 100.0%  0.51[-0.04, 1.07] t
Subtotal (95% Cl) 21 33 100.0% 0.51 [-0.04, 1.07]
Heterogeneity: Not applicable
Test for overall effect: Z = 1.81 (P = 0.07)
4.2.2 Males
Loebig 2010 87.16 52.56 15 6091 47.72 15 67.8% 0.51[-0.22, 1.24] T
Silha 2005 males 246.7 113.46 4 236.15 187.43 24 32.2% 0.06 [-1.00, 1.12] T
Subtotal (95% Cl) 19 39 100.0% 0.36 [-0.24, 0.96] R o
Heterogeneity: Tau® = 0.00; Chi* = 0.48, df = 1 (P = 0.49); I* = 0%
Test for overall effect: Z = 1.19 (P = 0.24)

-4 -2 ) 4

Higher in control Higher in disease
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Disease Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% ClI
4.3.1 Children
Seckin 2006 61.02 156 30 4791 461 40 48.3% 1,20 [0.69, 1.72] ——
Zorena 2010 1836 96.6 74 1453 75.6 30 51.7%  0.42[-0.01, 0.85] -
Subtotal (95% CI) 104 70 100.0% 0.80 [0.03, 1.57] el
Heterogeneity: Tau? = 0.25; Chi® = 5.29, df = 1 (P = 0.02); I’ = 81%
Test for overall effect: Z = 2.03 (P = 0.04)
4.3.2 Adults
Du 2016 106.62 29.8 25 9395 23.68 20 5.6% 0.46 [-0.14, 1.05] =
Erman 2016 791.39 392.24 45 521.68 397.01 17 6.0% 0.68 [0.11, 1.25] —
Gomez-Ambrosi 2010 296 160 24 150 104 15 4.6% 1.01[0.32, 1.70]
Hanefeld 2016 - serum  492.29 335.77 302 335.97 223.23 99  13.2% 0.50[0.27, 0.73] =
Jain 2013 210.7 120.2 19 138.73 64.38 19 4.9% 0.73 [0.07, 1.39] e
Kakizawa 2004 345 175 45 2342 179.1 54 8.8% 0.62 [0.21, 1.03] -
Loebig 2010 87.16 52.56 15 ©0.91 47.72 15 4.2% 0.51 [-0.22, 1.24] SE= =
MacEneaney 2010 27.3 49.25 42 29 21 25 7.1% -0.04 [-0.54, 0.45] T
Nandy 2010 42.1 11.31 8 29.4 12.6 11 2.6% 1.00 [0.03, 1.98]
Nandy 2010/2 242 3.49 15 29.4 12.6 11 3.7% -0.59 [-1.39, 0.21] =
Ozturk 2009 137.29 B84.45 31 10047 49.66 28 6.7% 0.52 [-0.00, 1.04] =
Schlingemann 2013 14.9 10.7 21 10.4 4.9 21 5.4% 0.53 [-0.09, 1.15] S e
Silha 2005 females 336.41 120.93 21 246.7 197.04 33 6.2% 0.51 [-0.04, 1.07] T
Silha 2005 males 246.7 113.46 4 236.15 187.43 24 2.3% 0.06 [-1.00, 1.12] —_—p—
Suguro 2008 812 678 36 214 215.56 24 6.2% 1.09 [0.53, 1.64] —
Wu 2017/1 189.33  39.22 45 14262 40.14 20 6.0% 1.17 [0.60, 1.73] T
Wu 2017/2 166.73 43.77 37 14262 40.14 20 6.2% 0.56 [0.00, 1.11] —
Subtotal (95% CI) 735 456 100.0% 0.56 [0.39, 0.74] L 4
Heterogeneity: Tau® = 0.05; Chi* = 25.78, df = 16 (P = 0.06); I’ = 38%
Test for overall effect: Z = 6.37 (P < 0.00001)
-4 -2 0 2 4
. y Higher in controls Higher in disease
Test for subgroup differences: Chi* = 0.34, df = 1 (P = 0.56), I’ = 0%
Fig. 11 Subgroup meta-analysis of VEGF-A or VEGF-B expression by age. VEGF-B was analyzed in Wu 2017. All other studies analyzed VEGF-A

resulted in a smaller standardized mean difference that
was also statistically significant (SMD=0.44, 95% CI
0.06, 0.81, p=0.02).

Association of VEGFs with metabolic syndrome or its
components—qualitative results

VEGF in some studies was not normally distributed. In
these cases, the data were reported as medians and inter-
quartile ranges. Although it is possible to approximate
a standard deviation from such data, it is not recom-
mended [51]. Nevertheless, such data can provide valu-
able additional support to meta-analyzed data. Table 3
contains studies that could not be included in the meta-
analysis. The ratio between the median VEGF concentra-
tion in the metabolic syndrome cohort and the control
cohort was calculated. In the majority of studies, the ratio
was greater than 1 (range 0.47-2.72), suggesting that
VEGF concentrations were higher in people with compo-
nent of metabolic syndrome or the metabolic syndrome
itself.

Publication bias

In order to determine if publication bias exists, we under-
took a funnel plot analysis (Fig. 12). Overall, the plot
appears to be largely symmetrical, although it is possible
that some low-quality studies showing increased VEGF
expression were missing. We undertook the random

effects version Egger’s regression test [18] to assess fun-
nel plot asymmetry based on standard error. The test did
not indicate any evidence of asymmetry (p=0.67).

Discussion

Both quantitative and qualitative data from our study
suggest that VEGF-A is overexpressed in the presence
of metabolic syndrome. Further, our subgroup analyses
show that with increasing disease, the concentration of
VEGF proteins increases. That is, for example, the differ-
ence in VEGF-A expression in healthy children compared
with children with type 1 diabetes and hypertension is
greater than the difference between children with type
1 diabetes and those with type 1 diabetes and hyperten-
sion. This finding is not unexpected, as VEGF-A is known
for its proangiogenic effects.

Interestingly, the subgroup analysis identified a sig-
nificant association between increased levels of VEGF-A
and hyperglycemia, but not obesity. The latter represents
a very surprising finding, as angiogenesis is a process
involved in adipose tissue expansion that takes place in
obesity [5, 52]. Nonetheless, given the fact that the cohort
of obese patients included in the quantitative analysis
mostly did not suffer from metabolic complications, the
authors speculate that, in conditions of preserved insu-
lin sensitivity, obesity is not a stimulus strong or effective
enough to stimulate VEGEF-A expression. It is known that
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Table 3 Median VEGF superfamily expression in people
with and without metabolic syndrome or its components

Gene Disease Control Ratio
group (pg/  group (pg/
ml) ml)

Metabolic syndrome
Doupis 2011/2 [50] VEGF-A 139 88 158
Jesmin 2013 [25] VEGF-A  483.93 386.88 1.25
Lim 2004/1 [28] VEGF-A 200 90 222
Lim 2004/2 [28] VEGF-A 180 20 2.00
Litvinova 2014 [29] VEGF-A 180 172 1.05
Mirhafez 2015 [34] VEGF-A 3855 82.18 047
Mirhafez 2016 [35] VEGF-A 855 81.1 1.05
Siervo 2010 [42] VEGF-A 4318 350.6 123
Siervo 2010 [42] PIGF 135 1.5 1.17
Wada 2010 [47] VEGF-A 3323 268.8 1.24

Hyperglyecmia
Doupis 2011/1 [50] VEGF-A 165 88 1.88
Doupis 2011/2 [50] VEGF-A 139 88 1.58
Guo 2014 [22] VEGF-A 26941 21136 1.27
Jesmin 2013 [25] VEGF-A  483.93 386.88 1.25
Kubisz 2010 [27] VEGF-A 3385 182 1.86
Lim 2004/1 [28] VEGF-A 200 90 222
Lim 2004/2 [28] VEGF-A 180 90 2.00
Mahdy 2011 [32] VEGF-A  16.25 6.35 2.56
Marek 2010 [33] VEGF-A 11743 113.03 1.04
Mirhafez 2015 [34] VEGF-A 3855 82.18 047
Mirhafez 2016 [35] VEGF-A 855 81.1 1.05
Mysliwiec 2008 [36] VEGF-A 172 93.66 1.84
Ruszkowska-Ciastek 2014 VEGF-A  11.15 1213 092

[39]

Obesity
Doupis 2011/1 [50] VEGF-A 139 88 1.58
Doupis 2011/2 [50] VEGF-A 239 88 2.72
Litvinova 2014 [29] VEGF-A 180 172 1.05
Mirhafez 2015 [34] VEGF-A 3855 82.18 047
Mirhafez 2016 [35] VEGF-A 855 81.1 1.05
Ruszkowska-Ciastek 2014 VEGF-A  11.15 12.13 092

[39]

Siervo 2010 [42] VEGF-A 43138 3506 1.23
Siervo 2010 [42] PIGF 135 1.5 117
Siervo 2012 [43] VEGF-A 341 264 1.29
Siervo 2012 [43] PIGF 14 12.2 1.15

Hypertension
Doupis 2011/1 [50] VEGF-A 139 88 1.58
Doupis 2011/2 [50] VEGF-A 239 88 2.72
Guo 2014 [50] VEGF-A 26941 211.36 1.27
Lim 2004/1 [28] VEGF-A 200 90 222
Lim 2004/2 [28] VEGF-A 180 90 2.00
Mahdy 2011 [32] VEGF-A 16.25 6.35 2.56
Mirhafez 2015 [34] VEGF-A 3855 82.18 047
Ruszkowska-Ciastek 2014 VEGF-A  11.15 12.13 0.92

(39]
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Table 3 (continued)

Gene Disease Control Ratio
group (pg/  group (pg/
ml) ml)
Siervo 2010 [42] VEGF-A 4318 3506 1.23
Siervo 2010 [42] PIGF 135 11.5 1.17
Valabhji 2001 [46] VEGF-A 217 137 1.58
Wada 2010 [47] VEGF-A 3323 2688 1.24
Low HDL
Jesmin 2013 [25] VEGF-A  483.93 386.88 1.25
Mirhafez 2016 [35] VEGF-A 855 81.1 1.05
High triglycerides
Doupis 2011/2 [50] VEGF-A 139 88 1.58
Jesmin 2013 [25] VEGF-A  483.93 386.88 1.25
Lim 2004/1 [28] VEGF-A 200 90 222
Lim 2004/2 [28] VEGF-A 180 90 2.00
Mirhafez 2016 [35] VEGF-A 855 81.1 1.05
Siervo 2010 [42] VEGF-A 4318 3506 123
Siervo 2010 [42] PIGF 13.5 11.5 117
Wada 2010 [47] VEGF-A 3323 268.8 124
High LDL
Lim 2004/1 [28] VEGF-A 200 90 222
Lim 2004/2 [28] VEGF-A 180 90 2.00
Wada 2010 [47] VEGF-A 3323 268.8 124
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Fig. 12 Funnel plot analysis of all studies included in the
meta-analysis. Standardized mean difference (SMD) in VEGF-A
expression was plotted against standard error of the SMD

hypoxia is one the strongest stimuli for VEGE-A expres-
sion, thus, in the absence of IR-induced vasoconstriction
and consequent hypoxia, VEGF-A may remain within its
physiological limits However, although on a small cohort
of patients, our study showed significantly increased lev-
els of the angiogenic and lymphangiogenic factors VEGEF-
B and VEGEF-C in obese patients, which may suggest that
the heterogeneity among studies that addressed VEGF-A
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expression may have influenced the obtained results. Our
finding of a correlation between VEGF-B and obesity cor-
responds to the findings observed by Robciuc et al. They
observed that increased VEGF-B expression in the adi-
pose tissue of a Vegfb transgenic mouse model increased
capillary density, tissue perfusion, and insulin supply by
the binding of VEGEF-B to VEGFR1, which then activates
the VEGF-A/VEGFR2 pathway [11]. On the other hand,
VEGE-B is a key trans-endothelial FA regulator and as
such, it would be expected for its expression to decrease
in response to high amounts of circulating FAs [53, 54].
While it is possible that increased VEGE-B signaling is
responsible for the pathological lipid accumulation in
obese patients, further research is needed to elucidate
this hypothesis.

The mechanism of the interaction between VEGEF-
A and LDL-C is still largely unknown. Our study did
not identify a significant increase of VEGF-A levels in
patients with high LDL-C levels, and this finding may be
a result of the fact that the participants had differences in
other comorbidities, or that the trans-endothelial trans-
port of LDL-C is not influenced and does not depend
on the presence of VEGF-A in the cell culture medium,
as recently shown by Velagapudi et al. [55]. This may
explain the earlier findings of Sandhofer et al. who failed
to detect any association between VEGEF-A levels and
carotid atherosclerosis [56]. Further studies are needed to
elucidate the exact behavior of VEGF-A and its correla-
tion with LDL-C.

Mechanistically, it appears that the propensity towards
higher concentrations of VEGEF-A is, at least in part,
genetically determined. Recently, Ghazizadeh et al.
examined the association of a mutation in the VEGFA
gene. They found association with an A-to-G mutation in
the rs10738760 SNP and metabolic syndrome [57]. Inter-
estingly, it appears that increased VEGF expression could
both be a response to and a cause of increasing disease.
However, this study was retrospective, and longitudinal
studies will be required to elucidate the role of the VEGFs
as a causative agent of disease.

Despite the somewhat heterogeneous nature of the
available data, our study strongly suggests that expres-
sion of VEGFs differs among patients with metabolic
syndrome. Although the regulation of the expression of
VEGF proteins in preserved and impaired insulin sig-
nalling conditions remains largely unknown, our data
synthesize the available evidence for the first time and
provide a numerical estimate of the above-mentioned
differences. The data from our meta-analyses are further
supported by qualitative data, specifically by the ratio
between the median VEGF concentration in the meta-
bolic syndrome cohorts and the control cohorts. This
ratio was greater than 1 in most of the studies (range
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0.47-2.72), suggesting that VEGF concentrations were
higher in people with a component of metabolic syn-
drome or the metabolic syndrome itself. This effect was
particularly pronounced in the case of hypertriglyceri-
demia, with 7 out 8 included cohorts presenting ratios
greater than 1 in favor of the high triglycerides cohort.
The ratio between VEGF concentrations in the high LDL
cohort and the control cohort was greater than 1 in all of
the included studies (3/3) with two-fold increased VEGF
concentrations in 2 out 3 studies. It has been shown that
both VEGF-A and VEGF-B have the potential to increase
vessel perfusion in obese adipose tissue, while VEGF-C
and VEGF-D have lymphangiogenic properties [5, 11,
12, 46, 52]. In a pro-inflammatory milieu of excess FAs
and/or glucose as found in obese and IR patients, the
properties of these proteins are vital for two reasons: (1)
enhanced vascularity increases the availability of insu-
lin to target organs and improves insulin sensitivity, and
(2) insulin-induced capillary recruitment and increased
blood flow facilitate glucose uptake in target organs [58].
This especially refers to VEGE-A, which has been found
to reduce metabolic complications caused by a high-fat
diet and in the metabolic syndrome, through enhanced
vascularity, thermogenesis and a decrease in inflamma-
tion [5, 52].

Interestingly, the expression of VEGFs in plasma and
serum differs. When Hanefeld et al. examined the asso-
ciation of serum and plasma VEGF-A with type 2 diabe-
tes [23], they found an order of magnitude difference in
the concentration of VEGF-A in serum vs plasma. The
serum concentrations of VEGF-A were 336 and 492 ng/1
in control and type 2 diabetes patients, respectively. The
difference between the groups was highly significant
(p<0.001). In contrast, the plasma VEGF-A concentra-
tions in control and type 2 diabetes patients were 67.87
and 67.02 ng/l (p=0.66) [23]. The authors suggested
that the difference between serum and plasma VEGE-A
concentrations is the result of VEGF-A accumulation in
activated platelets [23]. We tested this hypothesis with
a sensitivity analysis. Indeed, our results showed that
removal of studies using plasma VEGF concentrations
increased the SMD between patient and control groups.

Strengths and limitations

We acknowledge the limitations in our study. Firstly,
there was significant heterogeneity among the 16 stud-
ies on VEGF-A (P=50%) and 2 studies on VEGE-D
(P=91%), included in this meta-analysis. This suggests
that there were differences between studies that cannot
be accounted for by chance; for example, co-morbidities,
medication use, age or others. Unfortunately the lack of
studies prevented us from investigating this heterogene-
ity more thoroughly. Secondly, the study populations of
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the included studies were small in number and this may
restrict the generalization of our findings. However, these
results should be regarded as preliminary. The strength
of this meta-analysis lies in the fact that it is the first to
explore the correlation between VEGFs overexpression
and metabolic syndrome or its components, and in the
significant number of studies reporting on the expression
of VEGF-A.

Conclusion

Overall the findings of this study demonstrate the strong
association of increase in VEGFs expression with meta-
bolic syndrome as well as its components. Our data
strongly suggest overexpression of VEGF-A in patients
with metabolic syndrome, hyperglycemia, hypertriglycer-
idemia and hypertension, but not obesity and high LDL.
Preliminary data on the lymphangiogenic factors VEGE-
C and VEGEF-D suggest there are significantly increased
and significantly decreased levels of these two proteins
in metabolic syndrome or its components, respectively.
However, further clinical studies on the association for
the components of metabolic syndrome and VEGFs
with the potential to adjust for confounding factors are
encouraged.
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