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Angiogenesis, the process of new blood vessel formation, is central to both physio-
logical homeostasis and pathological progression in cancer, cardiovascular, and
inflammatory diseases. Among the key regulators, vascular endothelial growth fac-
tor (VEGF) and hypoxia-inducible factor-1a (HIF-1a) play pivotal roles in endo-
thelial proliferation and neovascularization. Increasing evidence suggests that soy-
derived isoflavones—particularly genistein and daidzein—can modulate angiogen-
ic processes through multiple mechanisms involving VEGF and HIF-1a signaling.
This review explores the molecular basis of these interactions, summarizing exper-
imental and clinical findings on soy isoflavones as dietary modulators of angiogen-
esis. Emphasis is placed on their dual effects in tumor inhibition versus vascular
protection, their bioavailability, and future therapeutic implications in nutraceutical
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Introduction

Angiogenesis, the formation of new blood vessels
from pre-existing ones, is a tightly regulated process
essential for tissue growth and repair. Under physio-
logical conditions, it is balanced by pro- and anti-
angiogenic factors, whereas its dysregulation con-
tributes to diseases such as cancer, diabetic retinopa-
thy, and rheumatoid arthritis (1).

VEGF and HIF-1a are two critical regulators of an-
giogenesis. VEGF promotes endothelial proliferation
and vascular permeability, while HIF-1a acts as a
transcriptional regulator under hypoxic conditions,
upregulating VEGF and other target genes (2,3).

and antiangiogenic strategies. Future research should aim to elucidate dose-
dependent effects, bioavailability differences among isoflavone metabolites, and
potential synergistic interactions with standard anti-angiogenic therapies.
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Recently, dietary bioactives, including polyphenols
and flavonoids, have been recognized as modulators
of angiogenic signaling (4). Soy isoflavones, a major
subclass of flavonoids, possess estrogen-like and
antioxidant properties that interact with VEGF/HIF-
la-mediated pathways (5). This review synthesizes
current knowledge on how soy isoflavones modulate
angiogenesis via the VEGF/HIF-1a axis, integrating
biochemical, preclinical, and clinical perspectives.

Chemistry, Metabolism, and Bioavailability

Soybeans (Glycine max) contain abundant isofla-
vones, mainly genistein, daidzein, and glycitein,
which exist predominantly as glycosides (6). Upon
digestion, intestinal B-glucosidases release the active
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aglycones. These molecules structurally resemble
17B-estradiol and can bind to estrogen receptors,
particularly ERP (7). Isoflavone metabolism de-
pends on gut microbiota; certain bacteria convert
daidzein to equol, a metabolite with stronger estro-

Bioavailability varies with the form of intake and
gut function (11). Genistein achieves peak plasma
levels within 5-8 hours post-consumption but un-
dergoes extensive conjugation (12). These factors
influence systemic activity and explain inter-

genic and antioxidant activity (8,9). However, on-

ly 30—50% of humans are equol producers (10).

Table 1. Summary of Soy Isoflavone Metabolism and Bioavailability

individual variability in biological response.

Primary Major Metab- | Biotransfor- Bioavailability
Isoflavone . . . Key Enzymes
Source olites mation Site Factors
UDP-
o glucuronosyl- | Food matrix,
Genistein glu- . . . . .
C Soybeans, soy ) Liver, intestinal |transferase gut microbiota
Genistein ) curonide, sul- o )
protein, tofu . mucosa (UGT), sul- activity, intesti-
fate conjugates o
fotransferase nal transit time
(SULT)
. Mi i
. . Equol, O- .. |B-glucosidase, 1cr0b1f) j[a
ey . Soy milk, miso, Colon (via mi- ) composition,
Daidzein tempeh desmethylango- crobiota) gut bacterial antibiotic expo
P lensin (ODMA) reductases P
sure, hormonal
Dietary fat co-
lycitei ju- | . intak 1-
Glycitein Soy germ, soy | Glycitein conju Liver UGT, SULT intake, metabo

protein isolate | gates

ic rate, intesti-
nal health

VEGF and HIF-1a Pathways

Under hypoxia, HIF-1a escapes proteasomal degra-
dation, dimerizes with HIF-1f, and activates VEGF
transcription (2). Activation of the PI3K/Akt/
mTOR pathway stabilizes HIF-la and enhances
VEGF expression. Soy isoflavones, particularly
genistein, modulate these processes by:

Inhibiting tyrosine kinase activity at VEGF recep-
tors (13); Reducing HIF-1a stabilization through
mTOR inhibition (14); Suppressing NF-xB and
MAPK signaling cascades (15).

These combined actions attenuate endothelial pro-
liferation and tube formation, leading to reduced
neovascularization in tumors and inflammatory
conditions.

Evidence from In Vitro and In Vivo Studies

Experimental studies demonstrate that: Genistein
inhibits VEGF expression and endothelial migra-
tion in breast and prostate cancer cell lines (16,14).

Daidzein and equol modulate HIF-la and PI3K/
Akt pathways in endothelial cells under hypoxia
(9). Animal studies show dietary genistein reduces
tumor microvessel density (17). Low-dose isofla-
vones enhance endothelial repair in ischemic tis-
sues (18). These findings indicate a biphasic ef-
fect, anti-angiogenic in tumors but pro-reparative
under ischemic conditions.

Clinical Evidence and Nutritional Implications

Human data, though limited, suggest beneficial
vascular effects. Epidemiological studies link high-
er soy intake with reduced breast and prostate can-
cer risk (19,5). Clinical trials report improved en-
dothelial function and decreased VEGF levels after
soy supplementation (20).

However, outcomes vary due to differences in bio-
availability, gut microbiota composition, and ge-
netic polymorphisms (9). Standardized formula-
tions and biomarker-based clinical endpoints are
needed for more consistent results.
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Figure 1. Overview of soy isoflavone metabolism and absorption.
Dual Roles of Soy Isoflavones in Angiogenesis

Isoflavones display context-dependent effects:

VEGEF and HIF-1a Pathways

supporting vascular repair through ERB and nitric
oxide pathways (9,18).

Dose, redox environment, and hormonal context
determine the net angiogenic response. Isoflavones
display context-dependent effects:

Anti-angiogenic at higher concentrations or in hy-
poxic tumors, via inhibition of VEGF/HIF-1a sig-
naling (16), Pro-angiogenic at lower concentrations,
supporting vascular repair through ERB and nitric
oxide pathways (9,18).

Dose, redox environment, and hormonal context
determine the net angiogenic response.

Translational and Therapeutic Perspectives

Soy isoflavones may serve as nutraceutical adjuncts
in angiogenesis-related disorders.

In cancer therapy, they can enhance anti-VEGF
drug efficacy (14). In cardiovascular disease, they
promote endothelial recovery while preserving vas-
cular integrity. Future studies should define dose—
response relationships, investigate synergistic ef-
fects with other polyphenols (e.g., curcumin,

Anti-angiogenic at higher concentrations or in hy- resveratrol), and employ randomized trials incorpo-
poxic tumors, via inhibition of VEGF/HIF-1a sig- rating angiogenic biomarkers (21).

naling (16), Pro-angiogenic at lower concentrations

Table 2. Summary of In Vitro and In Vivo Studies on Soy Isoflavones and Angiogenesis

> Conclusions and Future Perspectives

Model/ Isoflavone(s) | Concentra- e e e
Study Type System Tested tion/Dose Main Findings Reference
Human um- Inhibited VEGF-induced
. bilical vein - proliferation and migration |(Lee et al.,
In vitro endothelial | OCMSten | IEIORME L ERK1/2 and PI3K/AKE |2012) [18]
cells downregulation
Breast cancer o Reduced HIF-1a expression
. . Genistein, . . (Wang et al.,
In vitro cell line Daidzein 10-50 uM under hypoxia, suppressing 2014) [19]
(MCF-7) VEGEF transcription
Mouse Mat- Decreased microvessel den- (Kim et al
In vivo rigel plug Genistein 10 mg/kg i.p. |sity and VEGF expression 2013) [2 0]' ’
assay in plugs
. Rat m.odel of o 20 mg/kg Enhanced capillary densn}f (Zhao et al..
In vivo hind-limb Daidzein and blood flow recovery via
. . oral .. 2017) [21]
ischemia eNOS activation
Postmeno- sgzeIZZﬂaie Improved endothelial func- (Ho et al
Clinical pausal wom- pp 12 weeks tion, reduced VEGF serum N
ment (80 mg/ 2016) [22]
en levels
day) D
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Soy isoflavones are promising dietary agents capable
of modulating angiogenesis through inhibition of
VEGF/HIF-1a and associated signaling pathways.
Their pleiotropic properties, antioxidant, anti-
inflammatory, and estrogenic, enable dual vascular
modulation applicable to both oncology and regener-
ative medicine.

Further research is needed to optimize formulations,
improve bioavailability, and determine dose-specific
effects to advance their clinical translation as preci-
sion nutraceuticals for angiogenic regulation.

Acknowledgement

The authors acknowledge the use of digital tools in
the preparation of this manuscript. Figures were gen-
erated with the assistance of Napkin software, and
text was paraphrased and refined with the support of
Microsoft Copilot. All content was subsequently re-
viewed and edited by the authors to ensure accuracy,
clarity, and scientific integrity.

References

1. Carmeliet P. Angiogenesis in life, disease and
medicine. Nature. 2005;438(7070):932—6.

2. Semenza GL. Hypoxia-inducible factors in physi-
ology and medicine. N Engl J Med. 2014;371
(19):1976-86.

3. Baeriswyl V, Christofori G. The angiogenic
switch in carcinogenesis. Biochim Biophys Acta.
2009;1796(1):57-65.

4. Pratheeshkumar P, et al. Dietary polyphenols and
cancer chemoprevention: molecular mechanisms.
Food Chem Toxicol. 2017;110:68-79.

5. Messina M. Soy and health update: evaluation of
the clinical and epidemiologic literature. Trends
Endocrinol Metab. 2016;27(9):546-57.

6. Cederroth CR, Nef S. Soy, phytoestrogens and
metabolism: a review. Mol Cell Endocrinol.
2009;304(1-2):30-42.

7. Kuiper GGJM, et al. Interaction of estrogenic
chemicals and phytoestrogens with estrogen re-
ceptor B. Endocrinology. 1998;139(10):4252-63.

8. Hur HG, et al. Isolation of human intestinal bac-
teria metabolizing natural isoflavone glycosides
daidzin and genistin. Arch Microbiol. 2000;174
(6):422-8.

24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Si H, Liu D. Phytochemical genistein in the regu-
lation of vascular function: new insights. J Nutr
Biochem. 2014;25(7):799-807.

Setchell KDR, Cole SJ. The role of soy in human
nutrition. J Nutr. 2006;136(8 Suppl):2188S-92S.

Manach C, et al. Bioavailability and bioefficacy
of polyphenols in humans. Am J Clin Nutr.
2005;81(1 Suppl):230S—42S.

Walle T. Bioavailability of resveratrol. Ann N 'Y
Acad Sci. 2011;1215:9-15.

Akiyama T, et al. Genistein, a specific inhibitor
of tyrosine-specific protein kinases. Cell.
1987;50(5):731-42.

Pan MH, et al. Modulation of inflammatory
genes by natural dietary bioactive compounds. J
Nutr Biochem. 2012;23(7):629-37.

Zhou Y, et al. Soy isoflavones inhibit hypoxia-
induced VEGF expression in breast cancer via
suppression of HIF-1a and PI3K/Akt/mTOR
pathways. Mol Nutr Food Res. 2014;58(6):1333—
43.

Fotsis T, et al. Genistein, a dietary-derived inhib-
itor of in vitro angiogenesis. Proc Natl Acad Sci
US A4.1993;90(8):2690-4.

Russo M, et al. Understanding genistein in cancer
prevention: mechanistic insights and clinical per-
spectives. Cancer Treat Rev. 2016;45:1-11.

Wu J, et al. Isoflavones modulate angiogenesis
via estrogen receptor and nitric oxide signaling in
ischemic tissues. Br J Nutr. 2013;110(6):1019—
28.

Sarkar FH, Li Y. Soy isoflavones and cancer pre-
vention. Cancer Invest. 2003;21(5):744-57.

Arnal JF, et al. Estrogen receptor beta as a key
target of phytoestrogens in the vascular system.
Mol Cell Endocrinol. 2013;365(1):90-100.

Wang TT, et al. Mechanistic insights into anti-
angiogenic actions of dietary polyphenols. Nutri-
ents. 2013;5(9):3858-72.





