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Fig. 5. Effects of 7 days continuous treatment with ZnSO 4 on mitochondrial parameters in live TMRM-stained cells. (a) Live cell TMRM fluorescence images 

of RAENDO and RASMC cells treated with 0–50 μM ZnSO 4 . On Day 7, cells were incubated with 10 nM TMRM for 30 min and subsequently imaged at 630x 

magnification using a Zeiss Cell Observer SD spinning disk confocal microscope. Scale bars represent 10 μm. (b,c) Relative mitochondrial membrane potential and 

mitochondrial footprint of (b) RAENDO and (c) RASMC. Cells were seeded on Day 5 of treatment. On Day 7, media was replaced and 10 nM TMRM added. Relative 

fluorescence intensity was evaluated to determine relative mitochondrial membrane potential. Total area of mitochondrial signal positive pixels was evaluated to 

determine mitochondrial footprint. (d–e) Mitochondrial network morphology analysis (MiNA) results for (d) RAENDO and (e) RASMC cells. Mean branch length was 

defined as the average length of a mitochondrial structure between two nodes. Mean network size was calculated by computing the sum of all branch lengths within 

an independent network and dividing this by the total number of individual networks within a cell. For b-e, ∗ ∗ p -value ≤ 0.01, ∗ ∗ ∗ ∗ p - value ≤ 0.0001. n = 49–144. 7 
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Fig. 5. Continued 

promote angiogenesis in hypoxic environments [56–59] . Interestingly, 

our GO term analysis indicates differential gene expression related to 

primarily oxidative phosphorylation at 5 μM ZnSO 4 in RAENDO cells 

compared to differential gene expression related to glycolysis and glu- 

coneogenesis in RASMC cells. 

Our RNA-seq data indicates that both RAENDO and RASMC cells up- 

regulate metallothionein (MT) genes in response to chronic zinc treat- 

ment but do not differentially regulate various zinc transporting proteins 

such as ZnTs/ZIPs. While ZnTs and ZIPs regulate the efflux and influx 

into the cytosol, respectively, MTs bind zinc to facilitate storage, buffer- 

ing and transfer to other proteins [ 60 , 61 ]. Regulation of these proteins at 

the level of gene expression to maintain zinc homeostasis has been pre- 

viously demonstrated with human coronary artery endothelial (HCAEC) 

and pulmonary artery smooth muscle cells (HPASMC) [62] . Abdo et al. 

indicated downregulation of ZnT1, ZnT2 and MT1 following treatment 

with 25 μM ZnSO 4 for 2 h as well as up-regulation of ZIP2 and ZIP12 

following zinc depletion with pyrithione in both HCAEC and HPASMC 

[62] . However, such changes in expression of ZnTs/ZIPs may represent 

an acute response to zinc supplementation and adaptation over several 

days may alter this response. Enhanced MT expression may represent 

the primary means of maintaining intracellular zinc homeostasis under 

chronic treatment. Interestingly, MT expression plays an important role 

in collateral flow recovery and angiogenesis which may provide addi- 

tional benefits when stents are applied in diseased arteries [63] . 

Our data indicate that mitochondria are influenced by zinc supple- 

mentation in a cell-type specific manner. Mitochondrial form highly dy- 

namic networks which undergo cycles of fusion and fission in response 

to various cellular stimuli. We demonstrate that zinc treatment of en- 

dothelial cells results in a dose-dependent increase in mitochondrial 

fission, whereas smooth muscle cells demonstrate a dose-dependent in- 

crease in mitochondrial fusion. Mitochondrial fission is regulated by sev- 

eral key players, including dynamin related protein 1 (DRP1) and mito- 

chondrial fission factor (MFF) [36] . Consistent with morphology results, 

RNA-seq analyses showed an upregulation of Mff in endothelial cells at 

5 μM and 50 μM ZnSO 4 . Mitochondrial fission is often indicative of mi- 

tochondrial damage or dysfunction as it typically precedes mitophagy, 

the autophagic elimination of mitochondria. In fact, depolarization of 

the mitochondrial membrane potential (MMP) enhances mitophagy by 
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promoting ubiquitination of mitochondrial surface proteins and activa- 

tion of mitochondrial fission machinery [ 37 , 64 ]. MFF recruits active 

and oligomeric DRP1 to the mitochondrial outer membrane to promote 

fission. A recent study demonstrated that DRP1 interacts with the mito- 

chondrial zinc transporter, ZIP1 to focally reduce mitochondrial mem- 

brane potential by promoting zinc entry through the ZIP1-mitochondrial 

calcium uniporter (MCU) complex [65] . Following fission, dysfunctional 

mitochondria fail to recover membrane potential and are subsequently 

degraded by mitophagy [65] . Further, recent studies have determined 

that zinc entry into mitochondria through the MCU plays an important 

role in the development of mitochondrial dysfunction and promotion of 

cell death following ischemia [66] . Taken together, the relationship be- 

tween mitochondrial fission machinery, MMP and metal ionic balance is 

complex and poorly understood but may play a role in the development 

of stably reduced MMP in cells treated with ZnSO 4 over 7 days. 

In smooth muscle cells, Mfn2 is upregulated at 5 μM but not 50 μM, 

despite a dose-dependent increase in network morphological parame- 

ters indicative of fusion. MFN2 is a dynamin-like GTPase important for 

mitochondrial fusion, calcium homeostasis, and ER-mitochondrial con- 

tact [67] . Several studies have shown that MFN2 inhibits cell prolifer- 

ation and cell-cycle progression in several cell-types. In fact, the MFN2 

gene was originally implicated for its role in the suppression of vascu- 

lar proliferative disorders such as smooth muscle hyperplasia [67–69] . 

Therefore, upregulation of this gene and/or activation of the MFN2 pro- 

tein in the presence of zinc may slow cell-cycle progression and prevent 

restenosis in vivo . MFN2 is also important for establishing mitochondrial- 

ER contact sites [70] . Functional ER-mitochondrial coupling promotes 

efficient calcium uptake into mitochondria, resulting in higher mito- 

chondrial membrane potential, oxygen consumption and ATP produc- 

tion [70–72] . During vascular injury, such as following angioplasty, vas- 

cular smooth muscle cells can undergo a phenotypic switch from a ma- 

ture ‘contractile’ phenotype to a de-differentiated, highly proliferative 

and secretory phenotype, leading to the development of neointimal hy- 

perplasia [73–77] . In addition, dysregulation of mitochondrial dynamics 

and/or mitochondrial-ER coupling can promote the secretory and pro- 

liferative phenotype of vascular smooth muscle cells [ 70 , 71 , 78 ]. There- 

fore, up-regulation of Mfn2 during chronic zinc supplementation may 

promote mitochondrial-ER contact and mitochondrial calcium home- 

ostasis, thus preventing hyperplasia and restenosis in vivo . It is unclear 

why Mfn 2 is upregulated at 5 μM but not 50 μM ZnSO 4 , despite con- 

sistent enhanced mitochondrial fusion at this concentration. Mitochon- 

drial fusion may also occur during periods of stress or increased ATP 

demand, as a means of maximizing mitochondrial function by mixing 

partially damaged components as a form of complementation [ 37 , 38 ]. 

Mitochondrial quality control can be maintained through the elimina- 

tion of damaged proteins by proteases and refolding by chaperone pro- 

teins in the mitochondrial matrix [ 37 , 79 , 80 ]. Outer membrane proteins 

can be removed through the ubiquitin-proteosome pathway [ 37 , 81 ]. 

Our GO term analyses of differential gene expression indicate positive 

regulation of ubiquitin transferase activity and ubiquitin-related protein 

binding in both cell types. This may indicate an alternative mechanism 

for mitochondrial quality control during chronic zinc supplementation. 

Several of our data suggest that treatment of smooth muscle cells 

with zinc leads to an increase in ATP demand. Enhanced basal and maxi- 

mal oxygen consumption rates as well as extracellular acidification rates 

suggest that both mitochondrial and glycolytic ATP-producing reactions 

are working at faster rates. GO term analyses indicating differential reg- 

ulation of genes associated with glycolysis and gluconeogenesis further 

indicate increased ATP demand. While previous studies have suggested 

that zinc acts as an inhibitor of cellular energy production both within 

the electron transport system and glycolysis, most of these studies were 

performed in cell-free systems in the absence of the cell’s endogenous 

zinc-buffering capacity [82–86] . Increases in ATP demand may be rel- 

evant to increases in intracellular zinc concentrations, where zinc ions 

can disrupt binding of other essential metal ions such as magnesium. 

Magnesium homeostasis is essential for regulation of tricyclic acid cy- 

cle (TCA) enzymatic activity and maintenance of the electron transport 

system [87–90] . Moreover, ATP binds to the magnesium ion to form 

the biologically functional form Mg-ATP. Mitochondrial ATP is trans- 

ported from the mitochondria in the magnesium bound form by the 

ATP-Mg/Pi [ 87 , 91–93 ] Magnesium is also an essential co-factor for the 

sodium/potassium pump, a major cellular ATP consumer required for 

maintenance of the cellular membrane potential [ 93 , 94 ]. Thus, disrup- 

tion of magnesium or other essential metal ion binding by zinc may 

contribute to dysregulation of metabolism and enhanced ATP demand. 

Mitochondrial dysfunction or damage may also enhance ATP de- 

mand. During mitochondrial dysfunction, ATP synthase may consume 

ATP in order to generate and maintain mitochondrial membrane po- 

tential [ 37 , 95 ]. Our data provides significant evidence for disruption of 

the mitochondrial membrane potential, including dose-dependent de- 

polarization of the inner membrane and up-regulation of the translo- 

case of the inner membrane subunit 17b ( Timm17b ) in RASMC cells. 

TIMM17B is an essential component of the TIM23 complex required 

for protein import into the mitochondrial matrix [96] . Previous stud- 

ies have indicated that mitochondrial stress induces the expression of 

mitochondrial import machinery in order to efficiently import proteins 

required for the mitochondrial unfolded protein response during peri- 

ods of reduced mitochondrial membrane potential [80] . Therefore, up- 

regulation of Timm17b may indicate a mechanism to ensure mitochon- 

drial quality control and function during chronic zinc supplementation. 

Conclusions 

In summary, the differential effects of zinc on rat vascular endothe- 

lial and smooth muscle cells observed in vivo [15–17] are concomitant 

with differential effects on mitochondria and energy metabolism in vitro . 

We observed cell-type specific changes in gene expression related to 

several mitochondrial genes as well as corresponding changes in mito- 

chondrial form and function. These differences may arise from cell-type 

specific differences in zinc-buffer and storage capacity requiring differ- 

ent mechanisms for the maintenance of mitochondrial quality control 

and function with chronic zinc supplementation. This study examines 

the effect of zinc supplementation over 7 days in order to represent the 

long-term effects of zinc exposure during stent application in vivo . The 

identification of mitochondria as an important target of zinc that is dif- 

ferently affected in the vascular endothelial and smooth muscle cells is 

important for better understanding how zinc-based implants affect tis- 

sue homeostasis in vivo . 
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