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A B S T R A C T

Background: Zinc (Zn) acts as a cofactor of matrix metalloproteinases (MMPs) and is vital for their activity and
controlling their expression. Alteration of Zn in the body could affect the expression, activity, and destructive
impacts of MMPs.
Objective: This systematic review aimed to summarize existing evidence on the effects of Zn treatment on the
expression and activity of MMPs.
Method: International sources from Pub Med, Scopus and Google Scholar were searched for the original and
English-language studies, published up to the end of May 2018.
Results: During the initial search, 179 records were found, and 135 articles of them remained after the exclusion
of duplicate articles. 47 studies met the inclusion criteria, after multiple stages of screening and critical reviews
of articles.
Conclusion: Approximately 62% of the included studies (29 of 47) showed an inhibitory impact of Zn on MMPs
production and activities. The inhibitory or stimulatory effect of Zn on MMPs seems to depend on physiological
conditions of the cells or animals used, dose of Zn used, and duration of treatment.

1. Introduction

Matrix metalloproteinases (MMPs) comprise a large family of mul-
tidomain Zn endopeptidases enzymes that mediate the degradation of
extracellular matrix proteins and other important biological procedures
[1,2]. In humans at least 24 MMPs have been identified [3] and clas-
sified in six subgroups according to their substrate specificities: mem-
brane-type metalloproteinases (MMP-14, -15, -16, -17, -24, and -25),
collagenases (MMP-1, -8, and -13), stromelysins (MMP-3, 10, 11, and
-20), gelatinases (MMP-2 and -9), matrilysin (MMP-7 and -26) and
other MMPs (MMPs-12, -18, -19, -20, -21, -22, -23, -27, and -28) [3,4].
All MMPs have calcium and a Zn-binding catalytic site. Therefore, these
ions are involved in the activity of MMPs, and agents that chelate the
ions inhibit the MMPs. After the synthesis of MMPs in cells, the cells
secrete them in an inactive form (proenzymes) that could be activated
via the cleavage of the propeptide sites by furin-like serine proteases or
other MMPs [3,5,6]. Tissue inhibitors of metalloproteinases (TIMPs)
inhibit MMPs. TIMPs (TIMP-1, TIMP-2, TIMP-3, and TIMP-4) can reg-
ulate the proteolytic activity of all MMPs [3,7–9].

MMPs play a substantial role in the pathological and physiological

procedures of tissue repair and extracellular matrix turnover. They are
regulated at both the protein activation and the translational level. The
dysregulation of MMPs’ activity facilitates the progression of some
diseases such as cancer, diabetes, multiple sclerosis, arthritis, metabolic
syndrome, and periodontal disease [10–13].

It has been shown that activity and amount of MMPs increase under
the conditions of oxidative stress, inflammation, hyperlipidemia, and
hyperglycemia [12,14–18]. MMPs degrade many compounds of the
basal membrane and extracellular matrix, such as collagen, fibronectin,
elastin, matrix glycoproteins, and proteoglycan. Furthermore, they can
degrade other proteins that are not part of the extracellular matrix, like
growth factors, chemokines, and cell surface receptors [19,20].

Zinc (Zn) is an essential trace element that is vital for the human
body with numerous functions like antioxidant activity, anti-in-
flammatory action, and regulation of apoptosis [21,22]. It can also
regulate immune responses and oxidative stress [23,24]. Zn plays an
important role in structure of more than 300 enzymes, like the anti-
oxidant defense enzymes (metallothionein and Cu/Zn superoxide dis-
mutase). Zn has several roles in biological functions and cellular in-
tegrity, including the growth, division, and development of cells in the
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body. The body does not have any special storage system for Zn, so
human beings need to receive it daily [25,26]. The changes in in-
tracellular Zn have a strong effect on processes such as differentiation,
and proliferation [22,27]. In fact, inadequate Zn intake can be asso-
ciated with various chronic diseases, like vascular diseases [28], both
acute and chronic liver disease states [23,29], and diabetes [30]. Zn is
also a cofactor for MMPs [21] and is vital for regulating their activity
and expression. It has been evidenced that Zn deficiency increases the
activity and expression of MMPs [31], and increasing the amount of Zn
in the body can decrease MMPs’ activity and their destructive effects
[32].

Numerous studies have shown the effects of Zn on MMPs, but there
is still no exhaustive article to summarize these studies. Thus, a com-
prehensive study is required to summarize stimulatory or inhibitory
effects of Zn on MMPs and its mechanistic pathways. Therefore, this
study aimed to review the effects of Zn on the MMPs and to discuss
about several mechanisms offered by current researches.

2. Method

2.1. Research strategy

Databases of Scopus, Google Scholar, and PubMed were in-
vestigated for research studies from first to the end of May 2018. All
original English language articles (human, in vivo, and in vitro studies)
which assessed effect of Zn on MMPs’ activity and expression were
included.

This research was conducted using the following keywords: matrix
metalloproteinases and zinc, metalloproteinases and zinc, and MMPs
and zinc. These keywords from all sections of the selected articles were
searched.

2.2. Analysis of the data

At the first stage of this study, all selected articles were transferred
to the Endnote file and sorted to exclude duplicate articles. Secondly,
the titles and abstracts of each article were screened to ensure that the
searched articles are appropriate for the scope of the review. Following
this, the complete texts of the screened articles were reviewed for
eligibility. This was led to the removal of irrelevant articles and review
articles. Furthermore, each article’s abstract, results section, and figures
and tables were reviewed for data extraction. The reference sections of
the selected studies were searched again to find relevant studies that
were not recognized during the database searches.

3. Results

At the search stage, 179 records were found, but 126 articles were
only retained after excluding duplicate articles. During the screening
stage, 79 articles were excluded, of which 69 had irrelevant data [ar-
ticles that assessed structural Zn2+ ions in MMPs or the effects of
various compounds on this ion in MMPs, and those assessed the effects
of inter body (intracellular or intra tissue) Zn], and 10 articles were
review. Finally, 47 relevant articles, which determined the relation
between Zn and MMPs, remained (Fig. 1). The included studies were
then categorised as animal and in vitro studies.

3.1. Animal studies

There were 16 animal studies, of which 10 indicated that the Zn
treatment would decrease the MMPs level [33–42] (Table 1). For ex-
ample, Mei et al. (2013) treated 70 rats with 12, 24, and 48mg/kg of Zn
(II)–curcumin complex during 10 days and demonstrated that curcumin
(24mg/kg) alone, decreased mRNA expression of MMP-9 in the gastric
mucosa of rats, but the reduction was not significant. However, the
mRNA expression of MMP-9 significantly in a concentration-dependent

manner decreased by the administration of Zn(II)–curcumin complex
[37]. Sivalingam et al. treated 24 rats by ZnSO4 (50mg/kg), 2 h before
the administration of Indomethacin. Zn treatment was able to reduce
the drug-induced increase in MMP-9 and MMP-2 activities in the small
intestine of rats [38]. Yan et al. reported that Zn treatment decreased
expressions of MMP-2 and MMP-9′s in the aortas of the 30 rats that
were treated with 3mg/kg ZnSO4 per day for 4 weeks [42]. However, 5
studies reported increased levels of MMPs by Zn supplementation
[43–47] (Table 1). For example, Shi et al. (2014) investigated possible
mechanisms through which Zn supplementation inhibits the progress of
liver fibrosis, that was induced by BDL (bile duct ligation), in 120 mice.
They indicated that the injection of Zn (5mg /kg ZnSO4) increased the
MMP-1, MMP-8 and MMP-13 activities compared to the control group.
Also, the MMP-13 protein level and mRNA expression in the liver sig-
nificantly increased by Zn supplementation [44]. Moreover, in a study
conducted by Lang et al. (2011), dietary Zn (150mg Zn /kg of diet) had
no significant effect on the mRNA expression of MMP-12 in the lung
tissue of mice that were exposed to smoke [48].

3.2. In vitro

Thirty-one cellular studies were searched and 19 of them indicated a
decreasing effect of Zn on MMPs [39,49–66] (Table 2). All studies that
assessed the effect of Zn in dentin indicated a decreasing action of Zn on
MMPs. For example, Osorio et al. (2011) evaluated the impact of ZnCl2
(1 μM) collagen degradation and MMPs activity in the demineralized
dentin. They showed that ZnCl2 inhibited MMP’s collagen degradation
and MMPs activity [53]. Henn et al. evaluated the impact of different
concentrations of zinc methacrylate (ZM) (0.5, 1, 2, 4, 8, and 16mM)
on the inhibition of MMP-2 expression in an experimental dental
polymer, for 24 h. Results showed that ZM inhibited MMP-2 expression
in all concentrations [64]. In another study conducted by Altinci et al.
(2017) investigated the effect of ZnCl2 (0.2, 0.5, 1, 5, 10, 20, 30, or
40mM) on matrix-bound cathepsin K and MMP activity in dentin. Zn
treatment inhibited collagenolysis by decreasing the activities of MMPs
and cathepsin K [50].

There are other studies indicate a decreasing effect of Zn on MMPs
in different cells. For example, Szuster et al. demonstrated that Zn
(30 μM ZnCl2) regulated ethanol and acetaldehyde-induced generation
of TIMP-1 and TIMP-2, and decreased the activity of MMP-2. By the
way, it did not change the activity of MMP-13 in rat hepatic stellate
cells [65]. Mirza et al. evaluated the chondroprotective impact of Zn
oxide nanoparticles (ZnONP) on bovine cartilage-matrix. Results
showed that 1% ZnONP increased the anabolic gene expression of ag-
grecan and type II collagen, and decreased the mRNA expression of
catabolic MMP-13 [63]. Guo et al. investigated the expression of MMP-
9 in murine photoreceptor-derived cells and found that the expression
of MMP-9 reduced at both mRNA and protein levels after incubation of
cells with different doses (3.05, 6.10 and 12.20 μM) of ZnONP [62].
Takino et al. found that Zn salt of l-pyrrolidone carboxylate (Zn PCA)
(10 μM) decreased the expression of MMP-1 and activator protein-1
(AP-1) in cultured normal human dermal fibroblasts (NHDFs). Both of
them were enhanced by ultraviolet light (UV) radiation [54]. Souza
et al. also examined the impacts of metal salts on the activity of the
MMPs, which were obtained from gingival explants of 4 periodontitis
adult patients. They showed that ZnSO4 (1540 μM) was a strong sup-
pressor of MMP-9 and MMP-2 activities [60].

However, several other studies (8 studies) indicated the incremental
effect of Zn on MMPs [32,43,67–72] (Table 2). For example, in a study
conducted by Pan et al. (2017), it was demonstrated that ZnCl2
(100 μM) treatment significantly elevated the proteins levels, mRNA
expression and activity of MMP-2 and MMP-9 in the human umbilical
vein endothelial cells [67]. Also, Xiao et al. (2015) showed that in-
creased mRNA expression of MMP-13 induced by ZnCl2 (100 μM) in the
rat Nucleus Pulposus cells decreased by hypoxia and the Zn2+ chelator
[71].
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Moreover, there are 4 cellular studies that indicated the null effect
of Zn on MMPs [73–76] (Table 2). For instance, Xiao et al. reported that
ZnSO4 (0–350 μM) supplementation had no impact on MMP activity in
Madin-Darby canine kidney cells [76].

4. Discussion

Approximately 62% of the included studies (29 of 47) showed an
inhibitory effect of Zn on MMPs production and activity, whereas the
rest of the studies obtained null or opposite findings.

The inconsistency across the studies can be explained by three
possibilities. The first possibility is related to the physiological condi-
tion of the cells or animals used. It appears that Zn reduces the ex-
pression and activity of MMPs in pathophysiological conditions
(Osteoarthritis, sepsis, diabetes mellitus, demineralized dentin or peri-
odontitis, etc.) [34,35,39,42,50,60], but it increases expression and
activity of MMPs in physiological conditions [45,67,69,71], states like
wound healing [47] or growth [43]. MMPs have important roles in
normal growth, development and wound healing [43,47]. In fetal
growth restriction rats, Zn treatment promotes invasion and migration
of trophoblast cells, via enhancement of the activity and expression of
MMP-2 and MMP-9, which contributes to the development of the pla-
centa and improves neurodevelopmental impairment [43].

The second possibility is linked to Zn concentration used. In most
cellular studies included, Zn treatment at concentrations below 50 μM
reduced the activity and expression of MMPs [39,42,50,54], while at
concentrations of 50 μM and above, it increased or did not influence the
activity and expression of MMPs [67,69–71]. Kang et al. in a study on
human hepatic stellate LX-2 cells showed that Zn treatment at a dose of
200 μM significantly increased mRNA expression and protein content of
MMP-13 [32]. Uzzo et al. demonstrated that Zn treatment in the phy-
siological levels (1.545–3.091 μM, ZnSO4) decreased the expression and
secreted amount of MMP-9 in human prostate cancer cells [56]. How-
ever, in the study conducted by Boissier et al., ZnSO4 treatment at a
dose of 50 μM enhanced the activities of MMP-1, 2, 9, and 12 in the
human breast and prostate carcinoma cells [68]. In another study, in
the chicken B lymphocyte-derived DT40 cells mutants, ZnSO4 treatment
at a dose of 50 μM elevated the protein level and activity of MMP-9
[70].

The duration of the Zn intervention is another possible factor that
may play a role in the inhibitory or stimulatory impact of Zn on MMPs.
Annangi et al. demonstrated that treatment of mice embryonic

fibroblasts with sub-toxic dose of ZnO NPs (1 μg/mL) had no significant
effect on the secretion activity of MMP-2 and MMP-9 during 6 weeks,
but significant reduction was observed during 12 weeks [66]. Also, in
another study, Zn significantly increased mRNA expression of MMP-2 in
blast-injured muscle in the first 48 h, but it returned to baseline by 14-
days post-blast, in the traumatic injured rats which received a diet with
adequate Zn [47].

The mechanism by which Zn inhibits the activity and production of
MMPs is still under investigation. Various mechanisms have been in-
troduced for this function (Fig. 2). It has been shown that oxidative
stress increases the MMP-2 and MMP-9 expression and activity [14,15].
According to the previous reports, Zn has antioxidant properties and the
ability to decrease oxidative stress [23,77,78]. The stabilising proper-
ties of the sulfhydryl group and the antagonising ability of redox-active
transition metals (such as iron and copper) are responsible for the acute
antioxidant properties of Zn [79]. Therefore, Zn may suppress oxidative
stress and subsequently MMPs expression and activity. Zn also increases
the expression of metallothionein, a metalloprotein that has an anti-
oxidant effect and reduces oxidative stress [80].

The findings of the studies included showed that Zn prohibits the
MMP activity through inhibition of nuclear factor kappa-B (NF-κB) and
mitogen-activated protein kinase (MAPK), which have the ability to
generate reactive oxygen species. It has been shown that NF-κB can
regulate transcription of MMPs and inhibition of the NF-κB can reduce
the MMP-9 expression [42]. Also, in various studies, it has been shown
that the MAPK pathway can regulate the expression and activity of
MMPs and inhibition of MAPK pathway reduces the activity and ex-
pression of MMPs [81–84]. Zn inhibits the activation of the MAPK) p38
and JNK) by blocking the phosphorylation of C-Jun N-terminal kinase
(JNK and p38). NF-κB activation is related to phosphorylation and
proteolytic degradation of IkB (NF-κB inhibitor transcription factor). It
has been shown that Zn inhibits phosphorylation of IkB (via blocking of
IkB kinase (IkK) activity) [42,65].

Furthermore, it has been reported that Zn salt of l-pyrrolidone
carboxylate (Zn PCA) suppresses the MMP-1 production and the AP-1
expression in NHDFs [54]. AP-1 has the ability to regulate the gene
encoding of MMP-1 [85]. It has been shown that Zn deficiency en-
hances the binding of DNA to AP-1 and with this mechanism increases
the generation of MMPs [86]. It is also known that Zn deficiency en-
hances AP-1 activation by increasing the oxidative stress in cells
[87,88]. Zn PCA treatment leads to reduced activation of AP-1 and
suppression of the oxidative stress [39].

Fig. 1. Flowchart of studies included in systematic review.
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Zn can also inhibit the activity of MMPs through a direct reaction
with MMPs. First, excess Zn binding changes the construction of MMP
proteins or generate a Zn-hydroxide bridge which blocks the catalytic
site of the MMPs. However, this action may depend on the Zn con-
centration [50,53,58,89]. Second, metal binding may change the con-
solidation of protein at the catalytic domain and inactivate the enzyme
[58]. Furthermore, it has been shown that the accumulation of Zn, in-
creases oxidative stress in the ischemic microvessels by increasing the
production of the superoxide anion, which in turn leads to increased
activity of MMP-9 and MMP-2 [90].

4.1. Limitations and advantages of the included studies

In this review, a significant number of animal and in vitro studies are
advantages, as these types of studies can be physiologically controlled.
Another advantage is the existence of a control group, in animal studies,
that decreases systematic bias and allows the possibility for compar-
ison. In the included studies, the duration of the intervention (from
15min to 12 weeks) and the sample sizes of animals (from 15 to 120)
used, were acceptable.

However, there are several limitations for this study, and the ab-
sence of human studies was the main weakness of the research. Human
studies provide definite and comprehensive data on the probability and
generalisation of drug interactions in clinical treatments. The physio-
logical and metabolic responses of humans are different from animals.
Other limitations of this study are the use of different forms of Zn,
different dosing, and different administration methods in the selected
articles. Also, mechanistic studies regarding how Zn influences on the
MMPs were limited.

4.2. Conclusion

Approximately 62% of the studies included (29 of 47) showed an
inhibitory effect of Zn on MMPs production and activities. The in-
hibitory or stimulatory impact of Zn on MMPs seems to depend on
physiological conditions of the cells or animals used, dose of Zn used,
and duration of treatment. However, there were few studies regarding
possible mechanisms of Zn action and there is no human study in this
area; hence, further research should be conducted to understand the Zn
action pathway.

Author contributions

The authors’ responsibilities were as follows—RN: designed the
study; RN and SK: conducted the study; SK, RN and RG: wrote the
paper; RN: has primary responsibility in the final content; and All au-
thors have read and approved the final manuscript.

Funding

There is no source of financial support.

Declaration of Competing Interest

The authors report no conflict of interest.

References

[1] J.F. Woessner, Matrix metalloproteinase inhibition: from the Jurassic to the third
millennium, Ann. N. Y. Acad. Sci. 878 (1) (1999) 388–403.

[2] H. Birkedal-Hansen, W. Moore, M. Bodden, L. Windsor, B. Birkedal-Hansen,
A. DeCarlo, J.A. Engler, Medicine, Matrix metalloproteinases: a review, Crit. Rev.
Oral Biol. Med. 4 (2) (1993) 197–250.

[3] H. Nagase, R. Visse, G. Murphy, Structure and function of matrix metalloproteinases
and TIMPs, Cardiovasc. Res. 69 (3) (2006) 562–573.

[4] R.G. Rempe, A.M. Hartz, B. Bauer, Matrix metalloproteinases in the brain and
blood–brain barrier: versatile breakers and makers, J. Cereb. Blood Flow Metab. 36
(9) (2016) 1481–1507.

[5] H. Birkedal-Hansen, Role of matrix metalloproteinases in human periodontal dis-
eases, J. Periodontol. 64 (5s) (1993) 474–484.

[6] M. Whittaker, C.D. Floyd, P. Brown, A.J. Gearing, Design and therapeutic appli-
cation of matrix metalloproteinase inhibitors, Chem. Rev. 99 (9) (1999)
2735–2776.

[7] D. Gomez, D. Alonso, H. Yoshiji, U. Thorgeirsson, Tissue inhibitors of metallopro-
teinases: structure, regulation and biological functions, Eur. J. Cell Biol. 74 (2)
(1997) 111–122.

[8] K. Maskos, Crystal structures of MMPs in complex with physiological and phar-
macological inhibitors, Biochimie 87 (3-4) (2005) 249–263.

[9] E. Nuti, T. Tuccinardi, A. Rossello, Matrix metalloproteinase inhibitors: new chal-
lenges in the era of post broad-spectrum inhibitors, Curr. Pharm. Des. 13 (20)
(2007) 2087–2100.

[10] L.M. Coussens, B. Fingleton, L.M. Matrisian, Matrix metalloproteinase inhibitors
and cancer—trials and tribulations, Science 295 (5564) (2002) 2387–2392.

[11] A.F. Chambers, L.M. Matrisian, Changing views of the role of matrix metallopro-
teinases in metastasis, J. Natl. Cancer Inst. 89 (17) (1997) 1260–1270.

[12] S. Uemura, H. Matsushita, W. Li, A.J. Glassford, T. Asagami, K.-H. Lee,
D.G. Harrison, P.S. Tsao, Diabetes mellitus enhances vascular matrix metallopro-
teinase activity: role of oxidative stress, Circul Res 88 (12) (2001) 1291–1298.

[13] J.-L. Beaudeux, P. Giral, E. Bruckert, M. Bernard, M.-J. Foglietti, M.J. Chapman,
Serum matrix metalloproteinase-3 and tissue inhibitor of metalloproteinases-1 as
potential markers of carotid atherosclerosis in infraclinical hyperlipidemia,
Atherosclerosis 169 (1) (2003) 139–146.

[14] A. Belkhiri, C. Richards, M. Whaley, S.A. McQueen, F.W. Orr, Increased expression
of activated matrix metalloproteinase-2 by human endothelial cells after sublethal
H2O2 exposure, Lab. Invest. 77 (5) (1997) 533–539.

[15] S. Rajagopalan, X.P. Meng, S. Ramasamy, D.G. Harrison, Z.S. Galis, Reactive oxygen
species produced by macrophage-derived foam cells regulate the activity of vas-
cular matrix metalloproteinases in vitro. Implications for atherosclerotic plaque
stability, J. Clin. Invest. 98 (11) (1996) 2572–2579.

[16] F.M. Ho, S.H. Liu, W.W. Lin, C.S. Liau, Opposite effects of high glucose on MMP‐2
and TIMP‐2 in human endothelial cells, J. Cell. Biochem. 101 (2) (2007) 442–450.

[17] B. Mroczko, M. Kozłowski, M. Groblewska, M. Lukaszewicz, J. Nikliński,
J. Laudański, L. Chyczewski, M. Szmitkowski, Expression of matrix metalloprotei-
nase-9 in the neoplastic and interstitial inflammatory infiltrate cells in the different
histopathological types of esophageal cancer, Folia Histochem. Cytobiol. 46 (4)
(2008) 471–478.

[18] A.F. Cicero, G. Derosa, M. Manca, M. Bove, C. Borghi, A.V. Gaddi, Vascular re-
modeling and prothrombotic markers in subjects affected by familial combined
hyperlipidemia and/or metabolic syndrome in primary prevention for cardiovas-
cular disease, Endothelium 14 (4–5) (2007) 193–198.

[19] C.M. Dollery, J.R. McEwan, A.M. Henney, Matrix metalloproteinases and cardio-
vascular disease, Circul Res 77 (5) (1995) 863–868.

[20] R.P. Verma, C. Hansch, Matrix metalloproteinases (MMPs): chemical–biological
functions and (Q) SARs, Bioorg. Med. Chem. 15 (6) (2007) 2223–2268.

[21] J.L. Seltzer, J.J. Jeffrey, A.Z. Eisen, Evidence for mammalian collagenases as zinc
ion metalloenzymes, Biochimica et Biophysica Acta (BBA)-Enzymology 485 (1)
(1977) 179–187.

[22] F. Chai, A.Q. Truong‐Tran, L.H. Ho, P.D. Zalewski, Regulation of caspase activation
and apoptosis by cellular zinc fluxes and zinc deprivation: a review, Immunol. Cell
Biol. 77 (3) (1999) 272–278.

[23] S. Derouiche, D. Manel, A. Kawther, Beneficial Effect of Zinc on diabetes induced
kidney damage and liver stress oxidative in rats, J. Adv. Biol. 10 (1) (2017)
2050–2055.

[24] P. Bonaventura, G. Benedetti, F. Albarède, P. Miossec, Zinc and its role in immunity
and inflammation, Autoimmun. Rev. 14 (4) (2015) 277–285.

[25] S. Kogan, A. Sood, M. Garnick, Zinc and wound healing: a review of zinc physiology
and clinical applications, Wounds 29 (4) (2017) 102–106.

[26] C. Livingstone, Zinc: physiology, deficiency, and parenteral nutrition, Nutr. Clin.
Pract. 30 (3) (2015) 371–382.

[27] L. Rink, P. Gabriel, Extracellular and Immunological Actions of Zinc, Zinc
Biochemistry, Physiology, and Homeostasis, Springer, 2001, pp. 181–197.

Fig. 2. mechanism of MMPs reduction by Zinc.
ROS, reactive oxygen speices; MMPs, matrix metalloproteinases; zn, zinc; AP-1,
activator protein-1; NF-kB, nuclear factor kappa-B; MAPK, mitogen-activated
protein kinase.

R. Nosrati, et al. Journal of Trace Elements in Medicine and Biology 56 (2019) 107–115

113



[28] C. McClain, P. Morris, B. Hennig, Zinc and endothelial function, Nutrition 11
(Suppl. 1) (1995) 117–120.

[29] B.E. Gil, A.M. Maldonado, M.M. Ruiz, J.H. Cantero, A.R. Diez, M.M. Rodrigo, Zinc
and liver cirrhosis, Acta Gastroenterol. Belg. 53 (3) (1990) 292–298.

[30] R.D. El, O. Gameiro, M. Ogata, N. Módolo, L.G. Braz, E.C. Jorge, V. Beletate, Zinc
supplementation for the prevention of type 2 diabetes mellitus in adults with insulin
resistance, Cochrane Database Syst. Rev. (5) (2015) CD005525-CD005525.

[31] M. Binnebösel, J. Grommes, B. Koenen, K. Junge, C.D. Klink, M. Stumpf,
A.P. Öttinger, V. Schumpelick, U. Klinge, C. Krones, Zinc deficiency impairs wound
healing of colon anastomosis in rats, Int. J. Colorectal Dis. 25 (2) (2010) 251–257.

[32] M. Kang, L. Zhao, M. Ren, M. Deng, C. Li, Zinc mediated hepatic stellate cell col-
lagen synthesis reduction through TGF-β signaling pathway inhibition, IInt J Clin
Exp Med 8 (11) (2015) 20463.

[33] C. Xu, Z. Huang, L. Liu, C. Luo, G. Lu, Q. Li, X. Gao, Zinc regulates lipid metabolism
and MMPs expression in lipid disturbance rabbits, Biol. Trace Elem. Res. 168 (2)
(2015) 411–420.

[34] I. Wessels, R.J. Cousins, Zinc dyshomeostasis during polymicrobial sepsis in mice
involves zinc transporter Zip14 and can be overcome by zinc supplementation, Am.
J. Physiol. Gastrointest. Liver Physiol. 309 (9) (2015) G768–G778.

[35] R.H. Bortolin, B.J. da Graça Azevedo Abreu, M.A.G. Ururahy, K.S.C. de Souza,
J.F. Bezerra, M.B. Loureiro, F.S. da Silva, D.E. da Silva Marques, A.A. de Sousa
Batista, G. Oliveira, Protection against T1DM-induced bone loss by zinc supple-
mentation: biomechanical, histomorphometric, and molecular analyses in STZ-in-
duced diabetic rats, PLoS One 10 (5) (2015) e0125349.

[36] P. Hegedűs, S. Korkmaz, T. Radovits, H. Schmidt, S. Li, Y. Yoshikawa, H. Yasui,
B. Merkely, M. Karck, G. Szabó, Bis (Aspirinato) zinc (II) complex successfully in-
hibits carotid arterial neointima formation after balloon-injury in rats, Cardiovasc.
Drugs Ther. 28 (6) (2014) 533–539.

[37] X.-T. Mei, D.-H. Xu, S.-K. Xu, Y.-P. Zheng, S.-B. Xu, Zinc (II)–curcumin accelerates
the healing of acetic acid-induced chronic gastric ulcers in rats by decreasing oxi-
dative stress and downregulation of matrix metalloproteinase-9, Food Chem.
Toxicol. 60 (2013) 448–454.

[38] N. Sivalingam, S. Pichandi, A. Chapla, A. Dinakaran, M. Jacob, Zinc protects against
indomethacin-induced damage in the rat small intestine, Eur. J. Pharmacol. 654 (1)
(2011) 106–116.

[39] T.-C. Huang, W.-T. Chang, Y.-C. Hu, B.-S. Hsieh, H.-L. Cheng, J.-H. Yen, P.-R. Chiu,
K.-L. Chang, Zinc protects articular chondrocytes through changes in Nrf2-Mediated
antioxidants, cytokines and matrix metalloproteinases, Nutrients 10 (4) (2018) 471.

[40] K.B. Hadley, S.M. Newman, J.R. Hunt, Dietary zinc reduces osteoclast resorption
activities and increases markers of osteoblast differentiation, matrix maturation,
and mineralization in the long bones of growing rats, J. Nutr. Biochem. 21 (4)
(2010) 297–303.

[41] S. Lin, H. Xu, J. Xiao, Y. Liu, Y. Zhang, L. Cai, X. Li, Y. Tan, Combined use of acid
fibroblast growth factor, granulocyte colony-stimulating factor and zinc sulphate
accelerates diabetic ulcer healing, J Health Sci 55 (6) (2009) 910–922.

[42] Y.-W. Yan, J. Fan, S.-L. Bai, W.-J. Hou, X. Li, H. Tong, Zinc prevents abdominal
aortic aneurysm formation by induction of A20-mediated suppression of NF-κB
pathway, PLoS One 11 (2) (2016) e0148536.

[43] L. Zong, X. Wei, W. Gou, P. Huang, Y. Lv, Zinc improves learning and memory
abilities of fetal growth restriction rats and promotes trophoblast cell invasion and
migration via enhancing STAT3-MMP-2/9 axis activity, Oncotarget 8 (70) (2017)
115190.

[44] F. Shi, Q. Sheng, X. Xu, W. Huang, Y.J. Kang, Zinc supplementation suppresses the
progression of bile duct ligation-induced liver fibrosis in mice, Exp. Biol. Med. 240
(9) (2015) 1197–1204.

[45] R. Roy, D. Kumar, A. Sharma, P. Gupta, B.P. Chaudhari, A. Tripathi, M. Das,
P.D. Dwivedi, ZnO nanoparticles induced adjuvant effect via toll-like receptors and
Src signaling in Balb/c mice, Toxicol. Lett. 230 (3) (2014) 421–433.

[46] J. Grommes, M. Binnebösel, C.D. Klink, K.T. Von Trotha, R. Rosch, A.P. Oettinger,
I. Lindlar, C.J. Krones, Balancing zinc deficiency leads to an improved healing of
colon anastomosis in rats, Int. J. Colorectal Dis. 26 (3) (2011) 295–301.

[47] A. Scrimgeour, C. Carrigan, M.L. Condlin, M.L. Urso, R.M. van den Berg, H.P. van
Helden, S.J. Montain, M. Joosen, Dietary zinc modulates matrix metalloproteinases
in traumatic brain injury, J. Neurotrauma (2018).

[48] C.J. Lang, M. Hansen, E. Roscioli, J. Jones, C. Murgia, M.L. Ackland, P. Zalewski,
G. Anderson, R. Ruffin, Dietary zinc mediates inflammation and protects against
wasting and metabolic derangement caused by sustained cigarette smoke exposure
in mice, Biometals 24 (1) (2011) 23–39.

[49] S. Oh, H.-S. Jung, H.-J. Kim, J.-H. Jang, D.-S. Kim, K.-K. Choi, S.-Y. Kim, Effect of
zinc on the collagen degradation in acid-etched dentin, J. Dent. Sci. (2018).

[50] P. Altinci, R. Seseogullari-Dirihan, G. Can, D. Pashley, A. Tezvergil-Mutluay, Zinc
inhibits collagenolysis by Cathepsin K and matrix metalloproteinases in deminer-
alized dentin matrix, Caries Res. 51 (6) (2017) 576–581.

[51] R. Osorio, M. Yamauti, S. Sauro, T.F. Watson, M. Toledano, Zinc incorporation
improves biological activity of beta-tricalcium silicate resin–based cement, J Endod
40 (11) (2014) 1840–1845.

[52] M. Khaddam, B. Salmon, D. Le Denmat, L. Tjaderhane, S. Menashi, C. Chaussain,
G.Y. Rochefort, T. Boukpessi, Grape seed extracts inhibit dentin matrix degradation
by MMP-3, Front. Physiol. 5 (2014) 425.

[53] R. Osorio, M. Yamauti, E. Osorio, M. Ruiz-Requena, D.H. Pashley, F. Tay,
M. Toledano, Zinc reduces collagen degradation in demineralized human dentin
explants, J. Dent. 39 (2) (2011) 148–153.

[54] Y. Takino, F. Okura, M. Kitazawa, K. Iwasaki, H. Tagami, Zinc l‐pyrrolidone car-
boxylate inhibits the UVA‐induced production of matrix metalloproteinase‐1 by in
vitro cultured skin fibroblasts, whereas it enhances their collagen synthesis, Int. J.
Cosmet. Sci. 34 (1) (2012) 23–28.

[55] M. Toledano, M. Yamauti, E. Osorio, R. Osorio, Zinc-inhibited MMP-mediated
collagen degradation after different dentine demineralization procedures, Caries
Res. 46 (3) (2012) 201–207.

[56] R.G. Uzzo, P.L. Crispen, K. Golovine, P. Makhov, E.M. Horwitz, V.M. Kolenko,
Diverse effects of zinc on NF-κB and AP-1 transcription factors: implications for
prostate cancer progression, Carcinogenesis 27 (10) (2006) 1980–1990.

[57] M. Santos, A. De Souza, R. Gerlach, P. Trevilatto, R. Scarel‐Caminaga, S. Line,
Inhibition of human pulpal gelatinases (MMP‐2 and MMP‐9) by zinc oxide cements,
J. Oral Rehabil. 31 (7) (2004) 660–664.

[58] C. Underwood, D. Min, J. Lyons, T. Hambley, The interaction of metal ions and
Marimastat with matrix metalloproteinase 9, J. Inorg. Biochem. 95 (2-3) (2003)
165–170.

[59] B. Isaksen, M. Fagerhol, Calprotectin inhibits matrix metalloproteinases by se-
questration of zinc, Mol Pathol 54 (5) (2001) 289.

[60] A. De Souza, R. Gerlach, S. Line, Inhibition of human gingival gelatinases (MMP-2
and MMP-9) by metal salts, Dent. Mater. 16 (2) (2000) 103–108.

[61] R.F. Gerlach, A.P. de Souza, J.A. Cury, S.R. Line, Effect of lead, cadmium and zinc
on the activity of enamel matrix proteinases in vitro, Eur. J. Oral Sci. 108 (4) (2000)
327–334.

[62] D.D. Guo, Q.N. Li, C.M. Li, H.S. Bi, Zinc oxide nanoparticles inhibit murine pho-
toreceptor‐derived cell proliferation and migration via reducing TGF‐β and MMP‐9
expression in vitro, Cell Prolif. 48 (2) (2015) 198–208.

[63] E.H. Mirza, C. Pan‐Pan, W. Ibrahim, W.M.A. Bin, I. Djordjevic, B. Pingguan-Murphy,
Chondroprotective effect of zinc oxide nanoparticles in conjunction with hypoxia
on bovine cartilage‐matrix synthesis, J. Biomed. Mater. Res. A. 103 (11) (2015)
3554–3563.

[64] S. Henn, R.V. de Carvalho, F.A. Ogliari, A.P. de Souza, S.R.P. Line, A.F. da Silva,
F.F. Demarco, A. Etges, E. Piva, Addition of zinc methacrylate in dental polymers:
MMP-2 inhibition and ultimate tensile strength evaluation, Clin. Oral Investig. 16
(2) (2012) 531–536.

[65] A. Szuster-Ciesielska, K. Plewka, J. Daniluk, M. Kandefer-Szerszeń, Zinc supple-
mentation attenuates ethanol-and acetaldehyde-induced liver stellate cell activation
by inhibiting reactive oxygen species (ROS) production and by influencing in-
tracellular signaling, Biochem. Pharmacol. 78 (3) (2009) 301–314.

[66] B. Annangi, L. Rubio, M. Alaraby, J. Bach, R. Marcos, A. Hernández, Acute and
long-term in vitro effects of zinc oxide nanoparticles, Arch. Toxicol. 90 (9) (2016)
2201–2213.

[67] S. Pan, L. An, X. Meng, L. Li, F. Ren, Y. Guan, MgCl2 and ZnCl2 promote human
umbilical vein endothelial cell migration and invasion and stimulate epithe-
lialmesenchymal transition via the Wnt/βcatenin pathway, Exp. Ther. Med. 14 (5)
(2017) 4663–4670.

[68] S. Boissier, M. Ferreras, O. Peyruchaud, S. Magnetto, F.H. Ebetino, M. Colombel,
P. Delmas, J.-M. Delaissé, P. Clézardin, Bisphosphonates inhibit breast and prostate
carcinoma cell invasion, an early event in the formation of bone metastases, Cancer
Res. 60 (11) (2000) 2949–2954.

[69] J.J. Hwang, M.-H. Park, S.-Y. Choi, J.-Y. Koh, Activation of the Trk signaling
pathway by extracellular zinc Role of metalloproteinases, J. Biol. Chem. 280 (12)
(2005) 11995–12001.

[70] T. Tsuji, Y. Kurokawa, J. Chiche, J. Pouysségur, H. Sato, H. Fukuzawa, M. Nagao,
T. Kambe, Dissecting the process of activation of cancer-promoting zinc-requiring
ectoenzymes by zinc metalation mediated by ZNT transporters, J. Biol. Chem. 292
(6) (2017) 2159–2173.

[71] Y. Xiao-Fan, J. Li-Bo, M. Yi-Qun, X. Jun, G. Hui-Jie, W. Xu-Hua, L. Xi-Lei, D. Jian,
Decreased Zn2+ influx underlies the protective role of hypoxia in rat nucleus
pulposus cells, Biol. Trace Elem. Res. 168 (1) (2015) 196–205.

[72] S. Bjelogrlić, T. Todorović, A. Bacchi, M. Zec, D. Sladić, T. Srdić-Rajić,
D. Radanović, S. Radulović, G. Pelizzi, K. Anđelković, Synthesis, structure and
characterization of novel Cd (II) and Zn (II) complexes with the condensation
product of 2-formylpyridine and selenosemicarbazide: antiproliferative activity of
the synthesized complexes and related selenosemicarbazone complexes, J. Inorg.
Biochem. 104 (6) (2010) 673–682.

[73] K. Ishii, S. Usui, Y. Sugimura, H. Yamamoto, K. Yoshikawa, K. Hirano, Inhibition of
aminopeptidase N (AP-N) and urokinase-type plasminogen activator (uPA) by zinc
suppresses the invasion activity in human urological cancer cells, Biol. Pharm. Bull.
24 (3) (2001) 226–230.

[74] H. Guo, J.-D. Lee, H. Uzui, K. Toyoda, T. Geshi, H. Yue, T. Ueda, Effects of copper
and zinc on the production of homocysteine-induced extracellular matrix metallo-
proteinase-2 in cultured rat vascular smooth muscle cells, Acta Cardiol. 60 (4)
(2005) 353–359.

[75] J. Hošek, R. Novotná, P. Babula, J. Vančo, Z. Trávníček, Zn (II)-Chlorido complexes
of phytohormone kinetin and its derivatives modulate expression of inflammatory
mediators in THP-1 cells, PLoS One 8 (6) (2013) e65214.

[76] R. Xiao, L. Yuan, W. He, X. Yang, Zinc ions regulate opening of tight junction fa-
vouring efflux of macromolecules via the GSK3β/snail-mediated pathway,
Metallomics (2018).

[77] A.-M. Roussel, A. Kerkeni, N. Zouari, S. Mahjoub, J.-M. Matheau, R.A. Anderson,
Antioxidant effects of zinc supplementation in Tunisians with type 2 diabetes
mellitus, J. Am. Coll. Nutr. 22 (4) (2003) 316–321.

[78] R.A. DiSilvestro, Zinc in relation to diabetes and oxidative disease, J. Nutr. 130 (5)
(2000) 1509S–1511S.

[79] S.R. Powell, The antioxidant properties of zinc, J. Nutr. 130 (5) (2000)
1447S–1454S.

[80] X. Miao, Y. Wang, J. Sun, W. Sun, Y. Tan, L. Cai, Y. Zheng, G. Su, Q. Liu, Y. Wang,
Zinc protects against diabetes-induced pathogenic changes in the aorta: roles of
metallothionein and nuclear factor (erythroid-derived 2)-like 2, Cardiovasc.
Diabetol. 12 (1) (2013) 54.

R. Nosrati, et al. Journal of Trace Elements in Medicine and Biology 56 (2019) 107–115

114



[81] D. Chang, Y.-C. Wang, Y.-Y. Bai, C.-Q. Lu, T.-T. Xu, L. Zhu, S. Ju, Role of P38 MAPK
on MMP activity in photothrombotic stroke mice as measured using an ultrafast
MMP activatable probe, Sci. Rep. 5 (2015) 16951.

[82] K.C. Liang, C.W. Lee, W.N. Lin, C.C. Lin, C.B. Wu, S.F. Luo, C.M. Yang,
Interleukin‐1β induces MMP‐9 expression via p42/p44 MAPK, p38 MAPK, JNK, and
nuclear factor‐κB signaling pathways in human tracheal smooth muscle cells, J.
Cell. Physiol. 211 (3) (2007) 759–770.

[83] V. Marchese, J. Juarez, P. Patel, D. Hutter-Lobo, Density-dependent ERK MAPK
expression regulates MMP-9 and influences growth, Mol. Cell. Biochem. (2019) 1–8.

[84] G. Sun, C. Xing, L. Zeng, Y. Huang, X. Sun, Y. Liu, Flemingia philippinensis flavo-
noids relieve bone Erosion and inflammatory mediators in CIA mice by down-
regulating NF-κB and MAPK pathways, Mediators Inflamm. 2019 (2019).

[85] J. Wenk, P. Brenneisen, M. Wlaschek, A. Poswig, K. Briviba, T.D. Oberley,
K. Scharffetter-Kochanek, Stable overexpression of manganese superoxide dis-
mutase in mitochondria identifies hydrogen peroxide as a major oxidant in the AP-
1-mediated induction of matrix-degrading metalloprotease-1, J. Biol. Chem. 274
(36) (1999) 25869–25876.

[86] P.I. Oteiza, M.S. Clegg, M.P. Zago, C.L. Keen, Medicine, Zinc deficiency induces
oxidative stress and AP-1 activation in 3T3 cells, Free Radic. Biol. Med. 28 (7)
(2000) 1091–1099.

[87] M.J. Petersen, C. Hansen, S. Craig, Ultraviolet A irradiation stimulates collagenase
production in cultured human fibroblasts, J. Invest. Dermatol. 99 (4) (1992)

440–444.
[88] G.J. Fisher, T. Quan, T. Purohit, Y. Shao, M.K. Cho, T. He, J. Varani, S. Kang,

J. Voorhees, Collagen fragmentation promotes oxidative stress and elevates matrix
metalloproteinase-1 in fibroblasts in aged human skin, Am. J. Pathol. 174 (1)
(2009) 101–114.

[89] A. Tezvergil-Mutluay, K.A. Agee, T. Hoshika, M. Carrilho, L. Breschi, L. Tjäderhane,
Y. Nishitani, R.M. Carvalho, S. Looney, F.R. Tay, The requirement of zinc and
calcium ions for functional MMP activity in demineralized dentin matrices, Dent.
Mater. 26 (11) (2010) 1059–1067.

[90] Z. Qi, J. Liang, R. Pan, W. Dong, J. Shen, Y. Yang, Y. Zhao, W. Shi, Y. Luo, X. Ji, Zinc
contributes to acute cerebral ischemia-induced blood–brain barrier disruption,
Neurobiol. Dis. 95 (2016) 12–21.

[91] C.J. Lang, M. Hansen, E. Roscioli, J. Jones, C. Murgia, M.L. Ackland, P. Zalewski,
G. Anderson, R. Ruffin, Dietary zinc mediates inflammation and protects against
wasting and metabolic derangement caused by sustained cigarette smoke exposure
in mice, Biometals 24 (1) (2011) 23–39.

[92] S. Oh, H.-S. Jung, H.-J. Kim, J.-H. Jang, D.-S. Kim, K.-K. Choi, S.-Y. Kim, Effect of
zinc on the collagen degradation in acid-etched dentin, J. Dent. Sci. 31 (2) (2018)
97–102.

[93] J.J. Hwang, M.-H. Park, S.-Y. Choi, J.-Y. Koh, Activation of the Trk signaling
pathway by extracellular zinc: role of metalloproteinases, J. Biol. Chem. (2005).

R. Nosrati, et al. Journal of Trace Elements in Medicine and Biology 56 (2019) 107–115

115


