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Simple Summary: The extracellular matrix (ECM) plays a major role in tumorigenesis.
Its role in cancer prevention is not well known. Nonetheless, available evidence of how
the ECM influences cancer development suggests its use for targeting prevention, risk
prediction, early detection, surrogate endpoints, and, understanding risk factors.

Abstract: The extracellular matrix (ECM) is a major driver of tumorigenesis, yet its role in
cancer prevention has received relatively little attention. Here, we discuss studies linking
the ECM to cancer initiation with an emphasis on ECM stiffness and remodeling, pericytes,
and hyaluronan (hyaluronic acid). We then share our thoughts on how an ECM viewpoint
could lead to new insights and directions in cancer-prevention research. Topics discussed
include mouse experiments, clinical studies, risk factors, biomarkers for risk prediction or
the early detection of cancer, surrogate endpoints, and targets for preventive interventions.
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1. Introduction

The extracellular matrix (ECM) is a dynamic network of macromolecules that sur-
rounds cells in all solid tissues. It is mainly composed of collagens, elastic fibers, and
glycoproteins [1]. Besides providing structural support, the ECM also affects cell pro-
liferation, adhesion, migration, polarity, differentiation, and apoptosis [2]. The ECM is
constantly undergoing remodeling involving deposition, degradation, and modification
of components [2]. A disruption between ECM production and degradation can lead to
excess ECM accumulation, which stiffens the ECM [3]. As summarized in Figure 1, we first
discuss basic evidence supporting the role of the ECM in carcinogenesis. Next, we discuss
relevant aspects of the ECM for cancer development. Lastly, we discuss six areas for the
application of the ECM in cancer-prevention research.
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Figure 1. Outline of the paper.
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2. Basic Evidence
2.1. ECM and Tumor Initiation

The stroma, the tissue supporting the epithelial tissue, consists primarily of ECMs.
There is strong evidence that changes in the stroma drive the initiation of epithelial tumors.
In an important mouse experiment, Maffini et al. [4] showed that a carcinogen can cause
epithelial tumors by altering the adjacent stroma. They removed mammary epithelial cells,
exposed them to a carcinogen or a control substance, exposed intact stromal fat pads to a
carcinogen or a control substance, and reinserted the epithelial cells next to the stromal fat
pads. Only the exposure of the carcinogen to the stroma resulted in tumors (Table 1). In all
the tables, we computed 95% confidence intervals (Cls) using Wilson’s formula [5], which
is appropriate for small sample sizes.

Table 1. Results of mouse experiment by Maffini et al. [4] with 95% Cls computed using Wilson’s
formula [5].

Carcinogen Carcinogen Applied Fraction with
Aovolie dgto Stroma to Re-Inserted Number of Mice  Tumors
PP Epithelial Tissue (95% CI)
No No 6 0.00 (0.00, 0.39)
Yes 10 0.00 (0.00, 0.29)
Yes No 13 0.77 (0.50, 0.92)
Yes 8 0.75(0.41, 0.93)

2.2. ECM and Hereditary Cancers

Changes in the ECM may also play a major role in the development of hereditary
cancers. One example involves the increased risk of cancer among people with a deleterious
BRCA1 mutation. Nee et al. [6] found “striking” differences between stromal fibroblasts
among people with and without BRCA1 mutations, including elevated levels of matrix
metalloproteinase 3 (MMP3), contributing to ECM remodeling [7]. When they transplanted
precancerous mammary epithelial cells from BRCA1 carrier mice along with human fi-
broblasts with or without MMP expression into immunocompromised mice, they found
substantially higher tumor incidence among the fibroblasts that expressed MMP3 (Table 2).

Table 2. Results from mouse experiment by Nee et al. [6] with 95% Cls computed using Wilson’s
formula [5].

Experimental Groups Num.ber Fraoction with Tumors
of Mice (95% CI)

BRCA1 Mammary cells 12 0.33 (0.14, 0.61)

BRCA1 Mammary cells + fibroblasts 12 0.67 (0.39, 0.86)

BRCA1 Mammary cells + fibroblasts + MMP3 12 1.00 (0.76, 1.00)

Another example involving the role of ECM in hereditary cancer is the high risk of
colorectal cancer among patients with inflammatory bowel disease [8], a condition defined
by the remodeling of the ECM [9].

3. Relevant Aspects of the ECM
3.1. ECM Stiffness and Remodeling

Various studies indicate that stiffness and remodeling of the ECM play a major role in
tumorigenesis. Mammary epithelial cells in the culture displayed normal epithelial tubulo-
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genesis in soft matrices but showed abnormal tumor-like morphology in stiff matrices [10].
Increasing ECM stiffness in matrix cultures of normal mammary epithelial cells induces
malignant phenotypes [11]. Mammary tumor incidence was 3-fold greater in a strain of
mice with increased collagen density in comparison with a strain with normal collagen
density [12]. Tlsty et al. [13] showed that ECM changes induced by inflammation were
necessary and sufficient to create pre-cancerous squamous lung metaplasia.

There is currently active research into the role of ECM in cancer development. One area
of interest is mechanotransduction [14], which investigates how the mechanical properties
of the ECM affect biochemical signals. Recent articles have discussed how mechanical cues
from the ECM may lead to reprogramming of somatic cells based on two pathways [15,16].
One is a physical pathway involving the Linker of Nucleoskeleton and Cytoskeleton (LINC)
complex axis. Another is a chemical pathway involving yes-associated protein and the
transcriptional coactivator with PDZ-binding motif, abbreviated as YAP/TAZ. Also, the
stiffening of the ECM may promote tumor immune evasion [17].

The role of ECM stiffness in carcinogenesis is consistent with the tissue organization
field theory (TOFT), which postulates that chronic abnormal interactions between the
stroma and the epithelia lead to tumors [18,19]. A key feature of TOFT is the disruption
of the underlying morphogenetic field that maintains normal tissue architecture and is
analogous to morphogenetic fields that organize tissue morphology in the embryo.

3.2. Pericytes

Pericytes may link ECM-induced tissue fibrosis and tumorigenesis. Pericytes are cells
that are present at intervals along the walls of capillaries. Originally, they were thought to
have a limited role, namely stabilizing blood vessels and angiogenesis. However, their role
has expanded into tumor biology [20].

A possible connection between pericytes and cancer is summarized in the detached
pericyte hypothesis [21,22]. The detached pericyte hypothesis of tumorigenesis has five
related parts, as shown in Figure 2.

Carcinogenic agent or inflammation leads to

detached pericytes

y
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into myofibroblasts into mesenchymal stem cells
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Figure 2. Basic diagram of the detached pericyte hypothesis.

(1) Carcinogens or chronic inflammation cause pericytes to detach from the blood vessel
walls. Supporting evidence comes from studies of pericytes, inflammation, and tissue
injury [23,24].
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(2) Some detached pericytes develop into myofibroblasts, which leads to alterations of the
ECM. Supporting evidence comes from fate-tracing studies that show that pericytes
can develop into myofibroblasts [25].

(38) Some pericytes develop into mesenchymal stems cells (MSCs). Supporting evidence
comes from studies that have shown that pericytes can become MSCs [26] and are
likely the cells of origin in sarcomas [27].

(4) Some MSCs adhere to the altered ECM. Supporting evidence comes from mouse
experiments showing that MSCs adhering to microbeads develop into sarcomas [28].

(5) The altered ECM disrupts normal tissue regulatory controls, causing the MSCs to
develop into sarcomas or carcinomas. Supporting evidence comes from studies
showing that MSCs can differentiate into epithelial cells in culture [29] and induce
epithelial proliferation in the presence of chronic inflammation [30]. Also, transplant
studies showed that MSCs can develop into epithelial tumors [31].

Additional evidence supporting the detached pericyte hypothesis comes from fate-
tracing studies in zebrafish, showing that neural stem cells, which are precursors of peri-
cytes, play a key role in melanoma initiation [32].

Challenges with research involving pericytes and cancer include difficulties in find-
ing markers that are specific to pericytes, limited knowledge about the heterogeneity of
pericytes in different tissues, and a lack of mechanistic studies [33]. Given that metastatic
potential may arise early in carcinogenesis [34], the role of pericytes in establishing a
pre-metastatic niche [35] may be important for cancer prevention.

3.3. Hyaluronan

Hyaluronan (HA), a non-protein component of the ECM, occurs in two forms: low-
molecular-mass hyaluronan (LMM-HA) and high-molecular-mass hyaluronan (HMM-
HA), with the latter showing anti-inflammatory properties. HMM-HA decreases kidney
fibrosis in mice [36], which suggests a possible role for HMM-HA in reducing cancer by
reducing fibrosis.

Interestingly, very high molecular mass hyaluronan (vHHMM-HA) in naked mole rats
likely explains the absence of cancer in these animals. Xenograft experiments showed
that genetic alterations preventing the expression of vVHHM-HA yielded cells that formed
tumors [37]. Also, the increasing expression of vHHHM-HA in transgenic mice was found to
reduce the incidence of cancer [38].

4. New Insights and Directions

The ECM viewpoint can lead to new insights and directions in cancer-prevention re-
search. Topics discussed include mouse experiments, clinical studies, risk factors, biomark-
ers for risk prediction, surrogate endpoints, and targets for preventive interventions.

4.1. Mouse Experiments

The ECM viewpoint can suggest new mouse experiments or mouse experiments
deserving replication with a larger sample size. A good example of the latter involves the
delayed effect of metformin on cancer incidence. Metformin is a first-line medication for the
treatment of diabetes. There is considerable interest in repurposing metformin for cancer
prevention because of its safety profile and indications of its effectiveness in preventing
cancer [39].

The mechanism by which metformin reduces cancer incidence is not known. One
hypothesis is that metformin activates the protein kinase AMPK, which inhibits the mTOR
pathway and thereby inhibits cell growth and proliferation [40]. However, the involvement
of the mTOR pathway is tenuous. Mouse experiments showed that metformin had no
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effect on phosphorylation levels of mTOR [40,41]. Metformin requires AMPK activation
to reduce fibrosis in mice [42] and reduces markers of fibrosis much less in mice who are
genetically deficient in AMPK compared with wild-type mice [43]. Shankaraiah et al. [40]
found that mice receiving metformin developed zero tumors per mouse, while control mice
developed at least seven tumors per mouse, with the former having lower levels of fibrosis.

Intriguingly, metformin administered after ECM changes may have little effect on
cancer incidence. In one experiment, Tajima et al. [41] found that metformin started at
baseline reduced cancer incidence in mice with a high-fat diet. In another experiment,
metformin started at 30 weeks had no effect on cancer incidence (Table 3).

Table 3. Results of mouse experiment by Tajima et al. [41]. The 95% ClIs were computed using
Wilson’s formula [5].

Fraction with

Experiment Experimental Groups Number of Mice Tumors
(95% CI)
1 Control 16 0.69 (0.44, 0.86)
Metformin at start 17 0.29 (0.13, 0.53)
2 Control 4 0.75 (0.30, 0.95)
Metformin delay 6 0.83 (0.44, 0.97)

The delayed start time allowed for the development of nonalcoholic fatty liver disease,
a precursor to liver fibrosis [44] that involves remodeling the ECM [45]. These results sug-
gest that metformin may not reduce cancer incidence if administered after ECM remodeling.
Because of the importance of these results, we recommend replicating this experiment with
a larger sample size.

4.2. Clinical Studies

The ECM viewpoint could help select the target population for clinical studies. In-
dividuals at increased risk for cancer are often investigated in cancer prevention studies,
given that they have the most to gain from an effective preventive strategy.

Selection of a target population for cancer prevention should involve the same high-
risk requirements as used in a trial [46]. Extrapolating from a trial of high-risk individuals
to the general population has two major drawbacks [46]. First, it is not clear whether one
should extrapolate by assuming invariance in risk difference or invariance in relative risk.
Second, the benefit-to-harm ratio may be lower for the general population than the high-risk
trial population. Also, a trial for high-risk individuals might be more expensive than a trial
in the general population if there is a high cost in identifying high-risk individuals [46].

In terms of biological considerations, high-risk participants with precancerous or
noninvasive cancerous lesions constitute a desirable target population; this is a result of
the possibility of histologically evaluating the effect of the intervention on the lesions.
These lesions include, for example, ductal carcinoma in situ (DCIS), lobular carcinoma
in situ (LCIS), atypical hyperplasia of the breast, adenomas of the colon, endometrial
intraepithelial neoplasia, actinic keratosis of the skin, and cervical dysplasia.

When designing clinical studies, it is also important to consider the comorbidities that
the population may have, and how these may impact treatment response. For example,
most clinical studies of metformin, an agent approved to treat type 2 diabetes mellitus,
have involved people with diabetes. The results have not been encouraging. A randomized
trial of approximately 2000 people with diabetes was inconclusive, with a hazard ratio
for cancer incidence of 1.04 and a wide 95% CI of (0.72, 1.52) [47]. Target trial emulation,
a method that avoids many biases with other observational studies, found no effect of
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metformin on cancer incidence among people with diabetes, with an estimated cancer risk
difference of —0.2% and a narrow 95% CI of (—1.6, 1.3%) [48]. Results were similar when
83% of the cases were people with diabetes [48].

The ECM viewpoint suggests that metformin may have more positive results in
reducing cancer incidence if the target population comprises non-diabetic people. Diabetes
causes ECM changes [49], which may negate any effect of metformin on cancer incidence,
as suggested by the mouse experiments of Tajmina et al. [41]. Preliminary results with
non-diabetic people are encouraging. Higurashi et al. [50] randomized 151 non-diabetic
people with previous colorectal adenomas or polyps to low-dose metformin or no treatment.
The relative risk for new adenomas identified at colonoscopy 1 year after randomization
was 0.60 with 95% CI of (0.39, 0.92). Hosono et al. [51] randomized 26 non-diabetic patients
with aberrant crypt foci to metformin or no treatment and found a statistically significant
decrease from baseline in the number rectal aberrant crypt foci in the metformin group.
This line of evidence can motivate researchers to conduct large clinical studies studying the
effect of metformin on cancer incidence among non-diabetic people.

A challenge that arises in conducting cancer-prevention trials is enrolling participants.
One possible strategy for increasing enrollment is the following type of encouragement
design: randomly selecting participants from an electronic health records database either
for follow-up or to offer a prevention approach. Participants who are offered the prevention
approach may refuse. Statistical methods for causal inference can adjust for refusers while
using randomization to draw rigorous conclusions [52,53]. This design may involve ethical
considerations, but it is worth considering. Importantly, any preventive intervention must
have a good safety profile, which needs evaluation along with efficacy.

4.3. Risk Factors

The ECM viewpoint may help elucidate risk factors for cancer. For example, stiffness
and remodeling of the ECM may explain the link between obesity and cancer. Obesity is
strongly associated with the increased incidence of at least 13 types of cancers, particularly
cancers of the endometrium, liver, colon, pancreas, breast, ovary, and kidney [54,55].
Obesity also increases adipose tissue fibrosis [56]. Mouse adipocytes acquired a fibroblast-
like signature in response to a high-fat diet [57], and both mice fed a high-fat diet and
mice that were genetically obese had stiffer ECM than control mice [58]. Relating stiffer
ECM to carcinogenesis, mammary cell clusters seeded into decellularized ECMs became
significantly more disorganized in genetically obese mice in comparison with normal
mice [58], and breast tumors from obese patients exhibited more dense connective tissue
than breast tumors from lean patients [58].

4.4. Biomarkers for Risk Prediction or Early Detection of Cancer

Biomarkers indicating a change in the ECM should be considered for the risk prediction
of cancer. The ideal evaluation of biomarkers for risk prediction requires an external
validation sample, which is a sample from a population that differs from the population
from which the training sample was obtained. Standard statistical metrics are the area
under the receiver operating characteristic (ROC) curve, which is denoted as AUC, and
calibration plots, which compare predicted and observed frequencies. Decision analytic
methods can account for the cost of data collection [59]. Most of the literature on cancer
biomarkers focuses on the AUC.

Liver stiffness is a remarkably good predictor of cancer developing many years in
the future. A liver cancer risk prediction model based on liver stiffness measured by
elastography, age, and platelet count yielded an AUC of 0.78 in an external validation
sample at both 2 and 5 years after measurement [60]. A liver stiffness score predicted
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liver cancer in 5 years with an AUC of 0.85 in a validation sample [61]. The FIB-4 index,
which is a biomarker for fibrosis, predicted liver cancer within 10 years with a hazard
ratio of 19 with 95% CI of (10 to 37) [62]. Based on a constant odds ratio ROC curve, and
approximating the hazard ratio as an odds ratio [63], the AUC would be 0.88.

A potential ECM-related biomarker for risk prediction is hyaluronan expression in the
stroma. Corte et al. [64] found higher levels of stromal hyaluronan expression in ductal
carcinoma in situ (DCIS) with a microinvasive component than in pure DCIS. However,
more rigorous validation is needed with an external validation sample and computation of
the AUC.

ECM-related biomarkers may also be useful for the early detection of cancer. For
example, investigators have considered ECM proteins in blood specimens for the early
detection of lung cancer [65]. Rigorous evaluation should follow a pipeline: (i) diagnostic
performance studies with samples from people with diagnosed cancer versus people who
have not been diagnosed with cancer; (ii) prediagnostic performance studies with stored
specimens; (iii) cancer screening trials [66]. Recently developed methods can substantially
reduce the sample size of prediagnostic performance studies [66].

4.5. Surrogate Endpoints

The goal of early-phase cancer-prevention trials is to identify safe and effective preven-
tive interventions that be applied in large-scale clinical trials. Because these trials are small
with a short duration, they require a surrogate for the true endpoint of cancer mortality.
Typical surrogate endpoints are markers for cell proliferation, apoptosis, growth factor
expression, oncogene expression, and immune response. However, changes in ECM have
received little consideration as surrogate endpoints in these trials. A possible surrogate
endpoint based on the ECM is the level of AMPK activation.

Ideally, investigators should validate a surrogate endpoint using multiple trials with
both a surrogate and a true endpoint [67]. Two recently developed metrics are the sample
size multiplier (the multiple of sample size when using a surrogate endpoint instead of
a true endpoint) and true endpoint advantage (the increase in the likelihood of finding
statistical significance with a true endpoint instead of a surrogate endpoint) [65].

Validation of AMPK activation as a surrogate endpoint could be feasible with small,
precision-focused cancer-prevention trials. One such trial involves metformin in non-
diabetic adults with Li-Fraumeni syndrome (LFS) [68]. LFS is characterized by a mutation
in the TP53 gene. The working hypothesis for the trial is that metformin prevents cancer by
disrupting mitochondrial DNA. However, because the mutation in the TP53 gene inhibits
AMPK activation [69], metformin has the potential to reduce cancer incidence by increasing
AMPK activation. We recommend using the level of AMPK activation as a potential
surrogate endpoint along with the true endpoint of 5-year cancer survival.

4.6. Targets for Preventive Intervention

The ECM viewpoint can suggest targets for cancer prevention.

4.6.1. Fibrosis Inhibitors

One strategy is to target the various pathways that lead to fibrosis. Zhao et al. [70] listed
various antifibrotic drugs with published clinical data or clinical trials that are currently
under evaluation in Phase 2 or Phase 3. Two that have received particular attention are
nintedanib [71] and pirfenidone [72]. Zhao et al. [70] cautioned that, although most of these
drugs demonstrate good antifibrotic properties in clinical trials, side effects often lead to
drug discontinuation and reducing adverse effects; these factors pose a great challenge to
the use of these drugs.
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Another target for reducing fibrosis is the enzyme cluster of differentiation 38 (CD38),
which plays a key role in the age-dependent decline of nicotinamide adenine dinucleotide
(NAD") [73]. In mouse studies, boosting NAD+ via genetic or pharmacological targeting
of CD38 prevented or reduced skin, lung, and peritoneal fibrosis [73,74]. These results
suggest investigating CD38 as a target for cancer prevention.

The fibrosis inhibitor losartan, an FDA-approved antihypertensive agent, may also
have applications in cancer prevention. Salama et al. [75] randomized 50 patients with liver
fibrosis to either losartan or silymarin, an herbal remedy for liver treatment [76]. Among
the participants who received a scheduled liver biopsy, regression of fibrosis occurred in 14
of 16 patients randomized to losartan and 2 out of 11 patients randomized to silymarin [77].

4.6.2. Pericyte Targets

There are also potential strategies based on pericytes. For pancreatic ductal cancer,
Wu et al. [78] discussed nine possible targets in the stroma, with an emphasis on their effect
on pancreatic stellate cells, which are pericytes.

4.6.3. Hyaluronidase Inhibitors

As previously noted, high-molecular-mass hyaluronan (HMM-HA) may have a tumor-
protective role [79]. McGuire et al. [79] identified a compound found in some fruits and
vegetables, delphinidin, that inhibits hyaluronidases and increases levels of HMM-HA [79].
When they injected delphinidin into tumor-bearing mice, they found that delphinidin
slowed the progression of metastasis. There is also evidence that delphinidin suppresses
matrix metalloproteinase 9 (MMP-9) [80], which plays a role in fibrosis [81]. Other studies
show that delphinidin reduces myofibroblast differentiation and ECM production [82].
Delphinol, an extract from the maqui berry that contains 8.5% delphinidin, was well
tolerated in a 3-month trial with no adverse events [83].

5. Conclusions

We have provided evidence for the key role of the ECM in cancer initiation and
explained how this information could lead to new research directions in cancer-prevention
research. The ECM can play an important role in a variety of research opportunities: better
understanding of risk factors, better use of surrogate endpoints, better biomarkers for risk
prediction or early detection, and better agents for prevention that have good safety profiles.
We propose four areas for future research.

First, it is worthwhile considering a clinical trial of metformin in non-diabetic people.
Metformin has an excellent safety profile. Based on mouse studies and preliminary trials in
non-diabetic people, we think that metformin has promise as a cancer-prevention agent in
non-diabetic people.

Second, investigators performing precision cancer-prevention trials should collect data
on both possible surrogate endpoints and a true endpoint. A possible surrogate endpoint
related to the ECM is a measure of AMPK activation. Data on both surrogate and true end-
points in multiple trials provide useful information for evaluating the surrogate endpoint.
A good surrogate endpoint could greatly shorten future cancer prevention studies.

Third, investigators should consider risk-prediction markers and markers for the early
detection of cancer that reflect changes in the ECM. ECM markers in the blood are good
candidates for cancer screening because they are noninvasive.

Fourth, investigators should more thoroughly investigate the role of the ECM in DCIS.
Approximately, 20% to 60% of women with DCIS will progress to invasive disease [76].
There is no clear way of determining which women will develop invasive disease, and many
women opt for bilateral mastectomy with or without reconstruction, with the attendant
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risks of complications and costs. The goal is a safe and effective strategy based on the ECM
that provides a nonsurgical approach to mitigate the risk of invasive cancer. Research can
involve comparisons of ECM stiffness, pericytes, and hyaluronan levels in women with
and without DCIS.

Author Contributions: S.G.B.: conceptualization and writing. E.R.S.: writing—review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were generated in the preparation of this manuscript.

Acknowledgments: Opinions expressed by the authors are their own, and this material should not be
interpreted as representing the official viewpoint of the US Department of Health and Human Services,
the National Institutes of Health, the National Cancer Institute, or the Division of Cancer Prevention.

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

References

1.  Cox, T.R;; Erler, ].T. Remodeling and homeostasis of the extracellular matrix: Implications for fibrotic diseases and cancer. Dis.
Models Mech. 2011, 4, 165-178. [CrossRef] [PubMed]

2. Yue, B. Biology of the extracellular matrix: An overview. J. Glaucoma 2014, 23, S20-S23. [CrossRef] [PubMed]

3. Zhao, X;; Chen, J.; Sun, H.; Zhang, Y.; Zou, D. New insights into fibrosis from the ECM degradation perspective: The macrophage-
MMP-ECM interaction. Cell Biosci. 2022, 12,117.

4. Maffini, M.V,; Soto, A.M.; Calabro, ].M.; Ucci, A.A.; Sonnenschein, C. The stroma as a crucial target in rat mammary gland
carcinogenesis. J. Cell Sci. 2004, 117, 1495-1502. [CrossRef]

5.  Newcombe, R.G. Two-sided confidence intervals for the single proportion: Comparison of seven methods. Stat. Med. 1998, 17,
857-872. [CrossRef]

6. Nee, K; Ma, D.; Nguyen, Q.H.; Pein, M.; Pervolarakis, N.; Insua-Rodriguez, J.; Kessenbrock, K. Preneoplastic stromal cells
promote BRCAl-mediated breast tumorigenesis. Nat. Genet. 2023, 55, 595-606. [CrossRef] [PubMed]

7.  Freitas-Rodriguez, S.; Folgueras, A.R.; Lopez-Otin, C. The role of matrix metalloproteinases in aging: Tissue remodeling and
beyond. Biochim. Et Biophys. Acta (BBA)-Mol. Cell Res. 2017, 1864, 2015-2025. [CrossRef]

8. Lutgens, M.W,; Vleggaar, E.P; Schipper, M.E.; Stokkers, P.C.; van der Woude, C.J.; Hommes, D.W.; Samsom, M. High frequency of
early colorectal cancer in inflammatory bowel disease. Gut 2008, 57, 1246-1251. [CrossRef]

9.  Derkacz, A.; Olezyk, P; Olczyk, K.; Komosinska-Vassev, K. The role of extracellular matrix components in inflammatory bowel
diseases. J. Clin. Med. 2021, 10, 1122. [CrossRef]

10. Ishihara, S.; Haga, H. Matrix stiffness contributes to cancer progression by regulating transcription factors. Cancers 2022, 14, 1049.
[CrossRef]

11.  Chaudhuri, O.; Koshy, S.T.; Branco da Cunha, C.; Shin, ].W.; Verbeke, C.S.; Allison, K.H.; Mooney, D.J. Extracellular matrix
stiffness and composition jointly regulate the induction of malignant phenotypes in mammary epithelium. Nat. Mater. 2014, 13,
970-978. [CrossRef]

12. Provenzano, PP; Inman, D.R; Eliceiri, K.W.; Knittel, ].G.; Yan, L.; Rueden, C.T.; White, ].G.; Keely, P.J. Collagen density promotes
mammary tumor initiation and progression. BMC Med. 2008, 6, 11. [CrossRef] [PubMed]

13. Tlsty, T.D.; Pan, D.; Gascard, P.; Caruso, J.; Ferri, L.; Chen-Tanyolac, C. Inflammation-induced mechanotransduction is necessary
and sulfficient to create pre-cancerous squamous lung metaplasias and necessary to drive progression to dysplasia. In Proceedings
of the AACR Special Conference in Cancer Research: Tumor-body Interactions: The Roles of Micro- and Macroenvironment in
Cancer, Boston, MA, USA, 17-20 November 2024.

14. Chin, L; Xia, Y.; Discher, D.E.; Janmey, P.A. Mechanotransduction in cancer. Curr. Opin. Chem. Eng. 2016, 11, 77-84. [CrossRef]

15. Liu, L; Liu, M.; Xie, D.; Liu, X.; Yan, H. Role of the extracellular matrix and YAP/TAZ in cell reprogramming. Differentiation 2021,
122, 1-6. [CrossRef] [PubMed]

16. Jafarinia, H.; Khalilimeybodi, A.; Barrasa-Fano, J.; Fraley, S.I.; Rangamani, P.; Carlier, A. Insights gained from computational
modeling of YAP/TAZ signaling for cellular mechanotransduction. NPJ Syst. Biol. Appl. 2024, 10, 90. [CrossRef] [PubMed]

17. Jiang, Y.; Zhang, H.; Wang, ].; Liu, Y.; Luo, T.; Hua, H. Targeting extracellular matrix stiffness and mechanotransducers to improve
cancer therapy. J. Hematol. Oncol. 2022, 15, 34. [CrossRef]

18.  Sonnenschein, C.; Soto, A.M. The Society of Cells: Cancer and Control of Cell Proliferation; Springer: New York, NY, USA, 1999.


https://doi.org/10.1242/dmm.004077
https://www.ncbi.nlm.nih.gov/pubmed/21324931
https://doi.org/10.1097/IJG.0000000000000108
https://www.ncbi.nlm.nih.gov/pubmed/25275899
https://doi.org/10.1242/jcs.01000
https://doi.org/10.1002/(SICI)1097-0258(19980430)17:8%3C857::AID-SIM777%3E3.0.CO;2-E
https://doi.org/10.1038/s41588-023-01298-x
https://www.ncbi.nlm.nih.gov/pubmed/36914836
https://doi.org/10.1016/j.bbamcr.2017.05.007
https://doi.org/10.1136/gut.2007.143453
https://doi.org/10.3390/jcm10051122
https://doi.org/10.3390/cancers14041049
https://doi.org/10.1038/nmat4009
https://doi.org/10.1186/1741-7015-6-11
https://www.ncbi.nlm.nih.gov/pubmed/18442412
https://doi.org/10.1016/j.coche.2016.01.011
https://doi.org/10.1016/j.diff.2021.11.001
https://www.ncbi.nlm.nih.gov/pubmed/34768156
https://doi.org/10.1038/s41540-024-00414-9
https://www.ncbi.nlm.nih.gov/pubmed/39147782
https://doi.org/10.1186/s13045-022-01252-0

Cancers 2025, 17,1491 10 of 12

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Soto, A.M.; Sonnenschein, C. The tissue organization field theory of cancer: A testable replacement for the somatic mutation
theory. Bioessays. 2011, 33, 332-340. [CrossRef]

Jiang, S.; Li, T,; Yang, Z.; Yi, W.; Di, S.; Sun, Y.; Wang, D.; Yang, Y. AMPK orchestrates an elaborate cascade protecting tissue from
fibrosis and aging. Ageing Res. Rev. 2017, 38, 18-27. [CrossRef]

Baker, S.G. Rethinking carcinogenesis: The detached pericyte hypothesis. Med. Hypotheses 2020, 144, 110056. [CrossRef]

Baker, S.G. The detached pericyte hypothesis: A novel explanation for many puzzling aspects of tumorigenesis. Organisms. ]. Biol.
Sci. 2018, 2, 25-41.

Birbrair, A.; Zhang, T.; Files, D.C.; Mannava, S.; Smith, T.; Wang, Z.M.; Messi, M.L.; Mintz, A.; Delbono, O. Type-1 pericytes
accumulate after tissue injury and produce collagen in an organ-dependent manner. Stem Cell Res. Ther. 2014, 5, 1-18. [CrossRef]
[PubMed]

Kloc, M.; Kubiak, J.Z.; Li, X.C.; Ghobrial, R.M. Pericytes, microvasular dysfunction, and chronic rejection. Transplantation 2015, 99,
658-667. [CrossRef]

Humpbhreys, B.D.; Lin, S.L.; Kobayashi, A.; Hudson, T.E.; Nowlin, B.T.; Bonventre, ].V.; Valerius, M.T.; McMahon, A.P.; Duffield,
J.S. Fate tracing reveals the pericyte and not epithelial origin of myofibroblasts in kidney fibrosis. Am. J. Pathol. 2010, 176, 85-97.
[CrossRef] [PubMed]

Yianni, V.; Sharpe, P.T. Perivascular-derived mesenchymal stem cells. J. Dent. Res. 2019, 98, 1066-1072. [CrossRef] [PubMed]
Sato, S.; Tang, Y.J.; Wei, Q.; Hirata, M.; Weng, A.; Han, I.; Alman, B.A. Mesenchymal tumors can derive from Ng2/Cspg4-
expressing pericytes with 3-Catenin modulating the neoplastic phenotype. Cell Rep. 2016, 16, 917-927. [CrossRef]

Boone, C.W.,; Jacobs, J.B. Sarcomas routinely produced from putatively nontumorigenic Balb/3T3 and C3H/10T1/2 cells by
subcutaneous inoculation attached to plastic platelets. J. Supramol. Struct. 1976, 5, 131-137. [CrossRef]

Takebayashi, T.; Horii, T.; Denno, H.; Nakamachi, N.; Otomo, K.; Kitamura, S.; Miyamoto, K.; Horiuchi, T.; Ohta, Y. Human
mesenchymal stem cells differentiate to epithelial cells when cultured on thick collagen gel. Bio-Med. Mater. Eng. 2013, 23, 143-153.
[CrossRef]

Donnelly, ] M.; Engevik, A.; Feng, R.; Xiao, C.; Boivin, G.P; Li, J.; Houghton, J.; Zavros, Y. Mesenchymal stem cells induce
epithelial proliferation within the inflamed stomach. Am. . Physiol.-Gastrointest. Liver Physiol. 2014, 306, G1075-G1088. [CrossRef]
Aractingi, S.; Kanitakis, ].; Euvrard, S.; Le Danff, C.; Peguillet, I.; Khosrotehrani, K.; Lantz, O.; Carosella, E.D. Skin carcinoma
arising from donor cells in a kidney transplant recipient. Cancer Res. 2005, 65, 1755-1760. [CrossRef]

Kaufman, C.K.; Mosimann, C.; Fan, Z.P; Yang, S.; Thomas, A.J.; Ablain, J.; Zon, L.I. A zebrafish melanoma model reveals
emergence of neural crest identity during melanoma initiation. Science 2016, 351, aad2197. [CrossRef]

Jiang, Z.; Zhou, ].; Li, L,; Liao, S.; He, J.; Zhou, S.; Zhou, Y. Pericytes in the tumor microenvironment. Cancer Lett. 2023, 556, 216074.
[CrossRef] [PubMed]

Hu, Z.; Ding, J.; Ma, Z.; Sun, R.; Seoane, J.A.; Scott Shaffer, J.; Curtis, C. Quantitative evidence for early metastatic seeding in
colorectal cancer. Nat. Genet. 2019, 51, 1113-1122. [CrossRef] [PubMed]

Murgai, M.; Ju, W.; Eason, M.; Kline, J.; Beury, D.W.; Kaczanowska, S.; Kaplan, R.N. KLF4-dependent perivascular cell plasticity
mediates pre-metastatic niche formation and metastasis. Nat. Med. 2017, 23, 1176-1190. [CrossRef]

Wang, X.; Balaji, S.; Steen, E.H.; Blum, A.].; Li, H.; Chan, C.K.; Keswani, S.G. High-molecular weight hyaluronan attenuates
tubulointerstitial scarring in kidney injury. JCI Insight 2020, 5, €136345. [CrossRef] [PubMed]

Tian, X.; Azpurua, J.; Hine, C.; Vaidya, A.; Myakishev-Rempel, M.; Ablaeva, J.; Seluanov, A. High-molecular-mass hyaluronan
mediates the cancer resistance of the naked mole rat. Nature 2013, 499, 346-349. [CrossRef]

Zhang, Z.; Tian, X.; Lu, ].Y.; Boit, K.; Ablaeva, J.; Zakusilo, ET.; Gorbunova, V. Increased hyaluronan by naked mole-rat Has2
improves healthspan in mice. Nature 2023, 621, 196-205. [CrossRef]

Heckman-Stoddard, B.M.; DeCensi, A.; Sahasrabuddhe, V.V,; Ford, L.G. Repurposing metformin for the prevention of cancer and
cancer recurrence. Diabetologia 2017, 60, 1639-1647. [CrossRef]

Shankaraiah, R.C.; Callegari, E.; Guerriero, P; Rimessi, A.; Pinton, P.; Gramantieri, L.; Silini, E.M.; Sabbioni, S.; Negrini, M.
Metformin prevents liver tumourigenesis by attenuating fibrosis in a transgenic mouse model of hepatocellular carcinoma.
Oncogene 2019, 38, 7035-7045. [CrossRef]

Tajima, K.; Nakamura, A.; Shirakawa, J.; Togashi, Y.; Orime, K,; Sato, K.; Terauchi, Y. Metformin prevents liver tumorigenesis
induced by high-fat diet in C57B1/6 mice. Am. ]. Physiol.-Endocrinol. Metab. 2013, 305, E987-E998. [CrossRef]

Cheng, D.; Xu, Q.; Wang, Y.; Li, G.; Sun, W.; Ma, D.; Ni, C. Metformin attenuates silica-induced pulmonary fibrosis via AMPK
signaling. J. Transl. Med. 2021, 19, 1-18. [CrossRef]

Rangarajan, S.; Bone, N.B.; Zmijewska, A.A.; Jiang, S.; Park, D.W.; Bernard, K.; Zmijewski, ].W. Metformin reverses established
lung fibrosis in a bleomycin model. Nat. Med. 2018, 24, 1121-1127. [CrossRef] [PubMed]

Heyens, L.J.M.; Busschots, D.; Koek, G.H.; Robaeys, G.; Francque, S. Liver fibrosis in non-alcoholic fatty liver disease: From liver
biopsy to non-invasive biomarkers in diagnosis and treatment. Front. Med. 2021, 8, 615978. [CrossRef]


https://doi.org/10.1002/bies.201100025
https://doi.org/10.1016/j.arr.2017.07.001
https://doi.org/10.1016/j.mehy.2020.110056
https://doi.org/10.1186/scrt512
https://www.ncbi.nlm.nih.gov/pubmed/25376879
https://doi.org/10.1097/TP.0000000000000648
https://doi.org/10.2353/ajpath.2010.090517
https://www.ncbi.nlm.nih.gov/pubmed/20008127
https://doi.org/10.1177/0022034519862258
https://www.ncbi.nlm.nih.gov/pubmed/31276626
https://doi.org/10.1016/j.celrep.2016.06.058
https://doi.org/10.1002/jss.400050204
https://doi.org/10.3233/BME-120739
https://doi.org/10.1152/ajpgi.00489.2012
https://doi.org/10.1158/0008-5472.CAN-04-2783
https://doi.org/10.1126/science.aad2197
https://doi.org/10.1016/j.canlet.2023.216074
https://www.ncbi.nlm.nih.gov/pubmed/36682706
https://doi.org/10.1038/s41588-019-0423-x
https://www.ncbi.nlm.nih.gov/pubmed/31209394
https://doi.org/10.1038/nm.4400
https://doi.org/10.1172/jci.insight.136345
https://www.ncbi.nlm.nih.gov/pubmed/32396531
https://doi.org/10.1038/nature12234
https://doi.org/10.1038/s41586-023-06463-0
https://doi.org/10.1007/s00125-017-4372-6
https://doi.org/10.1038/s41388-019-0942-z
https://doi.org/10.1152/ajpendo.00133.2013
https://doi.org/10.1186/s12967-021-03036-5
https://doi.org/10.1038/s41591-018-0087-6
https://www.ncbi.nlm.nih.gov/pubmed/29967351
https://doi.org/10.3389/fmed.2021.615978

Cancers 2025, 17,1491 11 of 12

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Munsterman, I.D.; Kendall, T.J.; Khelil, N.; Popa, M.; Lomme, R.; Drenth, ].-H.; Tjwa, E.-L. Extracellular matrix components
indicate remodelling activity in different fibrosis stages of human non-alcoholic fatty liver disease. Histopathology 2018, 73,
612-621. [CrossRef]

Baker, S.G.; Kramer, B.S.; Corle, D. The fallacy of enrolling only high-risk subjects in cancer prevention trials: Can we afford a
“free lunch”? BMC Med. Res. Method 2004, 4, 24. [CrossRef] [PubMed]

Lee, C.G.; Heckman-Stoddard, B.; Dabelea, D.; Gadde, KM.; Ehrmann, D.; Ford, L.; Temprosa, M. Effect of metformin and
lifestyle interventions on mortality in the Diabetes Prevention Program and Diabetes Prevention Program Outcomes Study.
Diabetes Care 2021, 44, 2775-2782. [CrossRef]

Dickerman, B.A.; Garcia-Albéniz, X.; Logan, R.W.; Denaxas, S.; Hernan, M.A. Evaluating metformin strategies for cancer
prevention: A target trial emulation using electronic health records. Epidemiology 2023, 34, 690-699. [CrossRef]

Huang, Y.; Kyriakides, T.R. The role of extracellular matrix in the pathophysiology of diabetic wounds. Matrix Biol. Plus 2020,
6-7,100037. [CrossRef] [PubMed]

Higurashi, T.; Hosono, K.; Takahashi, H.; Komiya, Y.; Umezawa, S.; Sakai, E.; Nakajima, A. Metformin for chemoprevention
of metachronous colorectal adenoma or polyps in post-polypectomy patients without diabetes: A multicentre double-blind;
placebo-controlled; randomised phase 3 trial. Lancet Oncol. 2016, 17, 475-483. [CrossRef]

Hosono, K.; Endo, H.; Takahashi, H.; Sugiyama, M.; Sakai, E.; Uchiyama, T.; Nakajima, A. Metformin suppresses colorectal
aberrant crypt foci in a short-term clinical trial. Cancer Prev. Res. 2010, 3, 1077-1083. [CrossRef]

Baker, S.G.; Lindeman, K.S. Multiple discoveries in causal inference: LATE for the party. Chance 2024, 37, 21-25. [CrossRef]
Baker, S.G.; Lindeman, K.S. Local average treatment effects with binary outcomes. Am. J. Epidemiol. 2024, kwae428. [CrossRef]
Cotangco, K.R.; Liao, C.I; Eakin, C.M.; Chan, A.; Cohen, J.; Kapp, D.S.; Chan, ].K. Trends in incidence of cancers associated with
obesity and other modifiable risk factors among women, 2001-2018. Prev. Chronic Dis. 2023, 20, E21. [CrossRef]

Kyrgiou, M.; Kalliala, I.; Markozannes, G.; Gunter, M.].; Paraskevaidis, E.; Gabra, H.; Martin-Hirsch, P; Tsilidis, K.K. Adiposity
and cancer at major anatomical sites: Umbrella review of the literature. BMJ 2017, 356, j477. [CrossRef] [PubMed]

DeBari, M.K.; Abbott, R.D. Adipose tissue fibrosis: Mechanisms, models, and importance. Int. J. Mol. Sci. 2020, 21, 6030.
[CrossRef] [PubMed]

Jones, J.E.C.; Rabhi, N.; Orofino, J.; Gamini, R.; Perissi, V.; Vernochet, C.; Farmer, S.R. The adipocyte acquires a fibroblast-like
transcriptional signature in response to a high fat diet. Sci. Rep. 2020, 10, 2380. [CrossRef] [PubMed]

Seo, B.R.; Bhardwaj, P.; Choi, S.; Gonzalez, J.; Andresen Eguiluz, R.C.; Wang, K.; Fischbach, C. Obesity-dependent changes in
interstitial ECM mechanics promote breast tumorigenesis. Sci. Transl. Med. 2015, 7, 301ra130. [CrossRef]

Baker, S.G. Evaluating risk prediction with data collection costs: Novel estimation of test tradeoff curves. Med. Decis. Mak. 2024,
44, 53-63. [CrossRef]

Lee, J.S.; Sinn, D.H.; Park, S.Y.; Shin, H.J.; Lee, HW,; Kim, B.K.; Kim, S.U. Liver stiffness-based risk prediction model for
hepatocellular carcinoma in patients with Nonalcoholic Fatty Liver Disease. Cancers 2021, 13, 4567. [CrossRef]

Tian, C,; Ye, C.; Guo, H,; Lu, K,; Yang, J.; Wang, X.; Song, C. Liver elastography-based risk score for predicting hepatocellular
carcinoma risk. [NCI: ]. Natl. Cancer Inst. 2025, 117, 761-771. [CrossRef]

Loosen, S.H.; Kostev, K.; Demir, M.; Luedde, M.; Keitel, V.; Luedde, T.; Roderburg, C. An elevated FIB-4 score is associated with
an increased incidence of liver cancer: A longitudinal analysis among 248, 224 outpatients in Germany. Eur. J. Cancer 2022, 168,
41-50. [CrossRef]

Baker, S.G. Re: Combined associations of genetic and environmental risk factors: Implications for prevention of breast cancer. J.
Natl. Cancer Inst. 2015, 107, djv127. [CrossRef]

Corte, M.D.; Gonzélez, L.O.; Junquera, S.; Bongera, M.; Allende, M.T.; Vizoso, EJ. Analysis of the expression of hyaluronan in
intraductal and invasive carcinomas of the breast. J. Cancer Res. Clin. Oncol. 2010, 136, 745-750. [CrossRef] [PubMed]

Frezzetti, D.; De Luca, A.; Normanno, N. Extracellular matrix proteins as circulating biomarkers for the diagnosis of non-small
cell lung cancer patients. J. Thorac. Dis. 2019, 11, S1252. [CrossRef] [PubMed]

Baker, S.G.; Etzioni, R. Prediagnostic evaluation of multicancer detection tests: Design and analysis considerations. . Natl. Cancer
Inst. 2024, 116, 795-799. [CrossRef] [PubMed]

Baker, S.G.; Lassere, M.-D.; Lo, W.P. Surrogate endpoint metaregression: Useful statistics for regulators and trialists. J. Clin.
Epidemiol. 2024, 175, 111508. [CrossRef]

Dixon-Zegeye, M.; Shaw, R.; Collins, L.; Perez-Smith, K.; Ooms, A.; Qiao, M.; Blagden, S.P. Cancer precision-prevention trial of
metformin in adults with Li Fraumeni syndrome (MILI) undergoing yearly MRI surveillance: A randomised controlled trial
protocol. Trials 2024, 25, 103. [CrossRef]

Zhou, G.; Wang, ].; Zhao, M.; Xie, T.X.; Tanaka, N.; Sano, D.; Myers, ].N. Gain-of-function mutant p53 promotes cell growth and
cancer cell metabolism via inhibition of AMPK activation. Mol. Cell 2014, 54, 960-974. [CrossRef]

Zhao, M.; Wang, L.; Wang, M.; Zhou, S.; Lu, Y.; Cui, H.; Yao, Y. Targeting fibrosis; mechanisms and clinical trials. Signal Transduct.
Target. Ther. 2022, 7, 206. [CrossRef]


https://doi.org/10.1111/his.13665
https://doi.org/10.1186/1471-2288-4-24
https://www.ncbi.nlm.nih.gov/pubmed/15461821
https://doi.org/10.2337/dc21-1046
https://doi.org/10.1097/EDE.0000000000001626
https://doi.org/10.1016/j.mbplus.2020.100037
https://www.ncbi.nlm.nih.gov/pubmed/33543031
https://doi.org/10.1016/S1470-2045(15)00565-3
https://doi.org/10.1158/1940-6207.CAPR-10-0186
https://doi.org/10.1080/09332480.2024.2348956
https://doi.org/10.1093/aje/kwae428
https://doi.org/10.5888/pcd20.220211
https://doi.org/10.1136/bmj.j477
https://www.ncbi.nlm.nih.gov/pubmed/28246088
https://doi.org/10.3390/ijms21176030
https://www.ncbi.nlm.nih.gov/pubmed/32825788
https://doi.org/10.1038/s41598-020-59284-w
https://www.ncbi.nlm.nih.gov/pubmed/32047213
https://doi.org/10.1126/scitranslmed.3010467
https://doi.org/10.1177/0272989X231208673
https://doi.org/10.3390/cancers13184567
https://doi.org/10.1093/jnci/djae304
https://doi.org/10.1016/j.ejca.2022.03.010
https://doi.org/10.1093/jnci/djv127
https://doi.org/10.1007/s00432-009-0713-2
https://www.ncbi.nlm.nih.gov/pubmed/19898865
https://doi.org/10.21037/jtd.2019.02.46
https://www.ncbi.nlm.nih.gov/pubmed/31245101
https://doi.org/10.1093/jnci/djae050
https://www.ncbi.nlm.nih.gov/pubmed/38419575
https://doi.org/10.1016/j.jclinepi.2024.111508
https://doi.org/10.1186/s13063-024-07929-w
https://doi.org/10.1016/j.molcel.2014.04.024
https://doi.org/10.1038/s41392-022-01070-3

Cancers 2025, 17,1491 12 of 12

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Flaherty, K.R.; Wells, A.U.; Cottin, V.; Devaraj, A.; Walsh, S.L.; Inoue, Y.; Brown, K.K. Nintedanib in progressive fibrosing
interstitial lung diseases. New Engl. |. Med. 2019, 381, 1718-1727. [CrossRef]

Aimo, A.; Spitaleri, G.; Nieri, D.; Tavanti, L.M.; Meschi, C.; Panichella, G.; Emdin, M. Pirfenidone for idiopathic pulmonary
fibrosis and beyond. Card. Fail. Rev. 2022, 8, e12. [CrossRef]

Shi, B.; Wang, W.; Korman, B.; Kai, L.; Wang, Q.; Wei, ]J.; Varga, J. Targeting CD38-dependent NAD* metabolism to mitigate
multiple organ fibrosis. Iscience 2020, 24, 101902. [CrossRef] [PubMed]

Cui, H.; Xie, N.; Banerjee, S.; Dey, T.; Liu, R M.; Antony, V.B.; Liu, G. CD38 mediates lung fibrosis by promoting alveolar epithelial
cell aging. Am. . Respir. Crit. Care Med. 2022, 206, 459-475. [CrossRef]

Salama, Z.A.; Sadek, A.; Abdelhady, A.M.; Darweesh, S.K.; Morsy, S.A.; Esmat, G. Losartan may inhibit the progression of liver
fibrosis in chronic HCV patients. Hepatobiliary Surg. Nutr. 2016, 5, 249. [CrossRef]

Surai, P.F. Silymarin as a natural antioxidant: An overview of the current evidence and perspectives. Antioxidants 2015, 4, 204-247.
[CrossRef] [PubMed]

Baker, 5.G. Maximum likelihood estimation with missing outcomes: From simplicity to complexity. Stat. Med. 2019, 38, 4453-4474.
[CrossRef]

Wu, Y,; Zhang, C.; Jiang, K.; Werner, J.; Bazhin, A.V.; D'Haese, J.G. The role of stellate cells in pancreatic ductal adenocarcinoma:
Targeting perspectives. Front. Oncol. 2021, 10, 621937. [CrossRef] [PubMed]

McGuire, J.; Taguchi, T.; Tombline, G.; Paige, V.; Janelsins, M.; Gilmore, N.; Seluanov, A.; Gorbunova, V. Hyaluronidase inhibitor
delphinidin inhibits cancer metastasis. Sci. Rep. 2024, 14, 14958. [CrossRef]

Im, N.K;; Jang, W].; Jeong, C.H.; Jeong, G.S. Delphinidin suppresses PMA-induced MMP-9 expression by blocking the NF-«B
activation through MAPK signaling pathways in MCF-7 human breast carcinoma cells. J. Med. Food 2014, 17, 855-861. [CrossRef]
Wang, Y; Jiao, L.; Qiang, C.; Chen, C.; Shen, Z.; Ding, E; Cui, X. The role of matrix metalloproteinase 9 in fibrosis diseases and its
molecular mechanisms. Biomed. Pharmacother. 2024, 171, 116116. [CrossRef]

Cho, ].S.; Kang, ].H.; Shin, ] M.; Park, .H.; Lee, H.M. Inhibitory Effect of Delphinidin on Extracellular Matrix Production via the
MAPK/NF-«B Pathway in Nasal Polyp-Derived Fibroblasts. Allergy Asthma Immunol. Res. 2015, 7, 276-282. [CrossRef]
Alvarado, J.; Schoenlau, F; Leschot, A.; Salgad, A.M.; Portales, P.V. Delphinol® standardized maqui berry extract significantly
lowers blood glucose and improves blood lipid profile in prediabetic individuals in three-month clinical trial. Panminerva Med.
2016, 58, 1-6. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1056/NEJMoa1908681
https://doi.org/10.15420/cfr.2021.30
https://doi.org/10.1016/j.isci.2020.101902
https://www.ncbi.nlm.nih.gov/pubmed/33385109
https://doi.org/10.1164/rccm.202109-2151OC
https://doi.org/10.21037/hbsn.2016.02.06
https://doi.org/10.3390/antiox4010204
https://www.ncbi.nlm.nih.gov/pubmed/26785346
https://doi.org/10.1002/sim.8319
https://doi.org/10.3389/fonc.2020.621937
https://www.ncbi.nlm.nih.gov/pubmed/33520728
https://doi.org/10.1038/s41598-024-64924-6
https://doi.org/10.1089/jmf.2013.3077
https://doi.org/10.1016/j.biopha.2023.116116
https://doi.org/10.4168/aair.2015.7.3.276
https://www.ncbi.nlm.nih.gov/pubmed/27820958

	Introduction 
	Basic Evidence 
	ECM and Tumor Initiation 
	ECM and Hereditary Cancers 

	Relevant Aspects of the ECM 
	ECM Stiffness and Remodeling 
	Pericytes 
	Hyaluronan 

	New Insights and Directions 
	Mouse Experiments 
	Clinical Studies 
	Risk Factors 
	Biomarkers for Risk Prediction or Early Detection of Cancer 
	Surrogate Endpoints 
	Targets for Preventive Intervention 
	Fibrosis Inhibitors 
	Pericyte Targets 
	Hyaluronidase Inhibitors 


	Conclusions 
	References

