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IntroductionThe process of aging has long fascinated the scientific community. In the last thirty years, 
the impact of nutrition and metabolism on organismal aging has been established. Clinical manifestations of nutrient flux are well-implicated in models of health and disease such as 
Cardiovascular Disease and stroke (CVD), diabetes, and obesity [1-3]. In vitro and in vivo studies assessing nutrient flux also seem to mimic clinical outcomes: aberrant nutritional levels drive 
the premature appearance of biomarkers of aging [4]. Diets high is fats have been shown 

to accelerate biomarkers of aging in murine kidney models, including increased oxidative 

stress, impaired fatty acid oxidation, and increased DNA methylation patterns associated with 

Senescence-Associated Heterochromatin Foci (SAHF) [5]. Further studies have linked increased 

consumption of low-density lipoproteins with the increased expression and secretion of pro-inflammatory cytokines and increased DNA methylation patterns [6-9]. Extremely low levels 
of plasma low-density proteins in younger populations, although rare, have been associated 

with age-associated diseases including cancer and neurodegenerative diseases [10]. Glycemic flux has also been linked to the aging. Clinical hyperglycemia led to insulin resistance and type-
2 diabetes, a “gateway” to other age-associated outcomes. In vitro analysis of hyperglycemia in fibroblast and endothelial cell models have shown metabolically active cells void of replicative ability, increased secretion of pro-inflammatory cytokines, increased oxidative stress [11,12]. 
Previous in vitro studies from our research group show that similar to elevated glucose stress, 

glucose deprivation also led to reduced Population Doubling Levels (PDLs) in pooled young endothelial cells [13]. Further mechanistic studies in rat cardiomyocytes (H9C2) cells, also 
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elucidate reduced mitochondrial membrane potential, altered 

mitochondrial repair, and respiratory uncoupling (oxidative stress) 

in response to glucose deprivation [14]. 

While our understanding of macromolecules and their 

importance to aging continues to develop rapidly, less is clear about 

the role (s) of trace elements of the preservation and/or acceleration 

of aging. Trace elements are inorganic elements or compounds 

present in living tissues in very small quantities. Some of them 

are known to be nutritionally essential while others while the 

remainder are considered to be nonessential [15]. Trace elements 

function in various roles including as (1) catalysts in enzyme 

complexes; (2) participants in oxidation-reduction reactions in 

energy metabolism; and (3) in cellular transport (i.e., iron functions in the transport of oxygen via hemoglobin and myoglobin [16-19]. 
Optimal levels of trace elements are essential to physiological 

homeostasis. Excessive levels of any trace elements are toxic. For 

example, excess plasma levels of iron (hemochromatosis) are 

associated with pancreatic, cardiac, hepatic, and neurological 

dysfunction primarily by production of free radicals [20-23]. Along 

with high levels of other trace elements and the concomitant 

oxidative stress, it is not surprising that excess levels these metals 

are associated with the accelerated appearance of biomarkers 

of aging. In fact, this is the basis of the Free Radical Theory of 

Aging. However, what remains less clear is the role of trace metal 

deprivation on aging. Our research sought to characterize trace 

metal deprivation on cellular aging. The trace metal Se was chosen 

for its initial characterization because of its fundamental importance 

to human health, particularly with beneficial. As an integral part 
of selenoproteins, Se has structural and enzymic roles, including 

functioning as an antioxidant and catalyst for the production of active thyroid hormone [24]. In addition, Se deficiency has been 
linked to adverse mood states, implicating that it may have a role 

neurological function. Findings have linked Se to cardiovascular 

disease risk although other conditions involving oxidative stress and inflammation have shown benefits of a higher Se status [25]. 
Collectively, the role of Se may have direct and indirect effects on 

aging. Human endothelial cells present an excellent cellular model 

to study nutrient stress in vitro. Endothelial cells form the inner 

lining of a blood vessel and provides a selective barrier between the vessel wall and blood [26]. Because of its direct contact with blood, 
endothelial cells are sensitive to and in response to nutritional flux. The endothelial cell reacts with physical and chemical stimuli 
within the circulation and regulates hemostasis, vasomotor tone, and immune and inflammatory responses [27-30]. To characterize 
the role of Se deprivation on cellular aging, we cultured Human 

Umbilical Vein Endothelial Cells (HUVECs) in the presence of Se rich vs. Se-deficient media and monitored cellular protein expression, 
gene expression, and cytoskeletal rearrangements. We found that 

Se deprivation reduces the appearance and expression of the 

cytoskeletal protein f-actin while up regulating the intermediate filament vimentin in early passage cells. Se deprivation decreased 
the overall cells size and slowed the population doubling rate in younger passage cells. Collectively, our findings show the Se levels, even in younger more fit cells, accelerates the premature 
appearance of biomarkers of aging.

Material and Materials

Cell culture

Figure 1: Schematic depiction of trace metal (Se) deprivation in HUVECs cells were cultured in full complement 

media for 24 hours, after which they were passaged in normal OR Se-deficient media. After which RNA and protein 
was harvested for PCR and Immunoblot Analysis. Cells were also fixed for microscopic analysis of cell structure.
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Cell cultures were prepared and maintained according to 

standard cell culture procedures. Commercially available pooled 

Human Umbilical Vein Endothelial Cells (HUVEC; Lonza, Basel, 

Switzerland) were cultured in Dubelco’s Minimal Essential 

Media (DMEM) with no glucose supplemented with 1µg/ml 

hydrocortisone, 50µg/ml gentamicin, 50ng/ml amphotericin-B, 

10ng/ml epidermal growth factor and Human Platelet Lysate (HPL). Formulation of Se-free media is difficult due to the uncertain levels 
of Se in basal media-supplemented serum (i.e., Fetal Bovine Serum; 

FBS). As a precaution, our studies will omit the use of serums and 

will instead use HPL. HPL contains comparable growth factors as 

FBS, including insulin-like growth factor, epidermal growth factor. 

100mg/dL of glucose was supplemented and vitamins and trace 

metals were added or withheld (Se) according to desired level with 

140µg/L serving a physiological reference and 50µg/L serving as 

“reduced” level (Figure 1). HUVECs were incubated and cultured in 5% CO2 and 95% air at 37ᵒ C till the tenth passage of cell generation. 
Cells were passaged at regular intervals depending on their growth 

characteristics using 25% trypsin and re-plated.

Western blot analysis

HUVECs were harvested and lysed in RIPA lysis buffer containing 10mM protease inhibitors (phenylmethylsulfonyl fluoride, PMSF, 
Beyotime, China). A BCA protein assay kit (Beyotime) was used 

to determine the protein concentrations. Then, loading buffer 

(Beyotime) was added to the samples. The cellular proteins were 

separated by 10% SDS-polyacrylamide gel electrophoresis, and 

the separated proteins were electrically transferred onto cellulose 

membranes (Millipore, USA). Then, the membranes were blocked with 5% nonfat dry milk in TBST (20mM Tris-HCl pH 7.4, 150mM 
NaCl, and 0.05% Tween-20) for 1h. The membranes were washed with TBST and probed with primary antibodies overnight at 4 °C. 
The bound primary antibodies (F-actin (C-2)-Santa Cruz, USA; Vimentin (V9)-Santa Cruz, USA; GAPDH (0411)-Santa Cruz, USA; and α-tubulin (TU-02)-Santa Cruz, USA) were detected with secondary 

antibodies conjugated with horseradish peroxidase (HRP, Abcam, 

UK) and visualized by enhanced chemiluminescence (Millipore). 

Cyclophilin-A and α-actin were used as an internal reference.

Quantitative real-time PCR

Total RNA was extracted from cultured HUVECs using Trizol 

solution (In vitro gen) and reverse transcribed into cDNA with a 

Reverse Transcriptase kit (Invitrogen) according to manufacturer’s 

instructions. The concentration and purity of RNA were measured 

using a NanoDrop 2000 spectrophotometer (Thermo, USA). The 

expression of f-actin and vimentin were detected using a TaqMan 

mRNA assay kit (Biosystems). The relative expression was 

determined by the 2-ΔΔCt method with GAPDH as the internal 

reference. Samples were analyzed in triplicate. The primer 

sequences used were the following. 

F-actin-F: CACCATTGGCAATGAGCGGTTC,

f-actin-R: AGGTCTTTGCGGATGTCCACGT,

Vimentin-F: AGGCAAAGCAGGAGTCCACTGA,

Vimentin-R: ATCTGGCGTTCCAGGGACTCAT,

GAPDH-F: GGAGCGAGATCCCTCCAAAAT,

GAPDH-R: GGCTGTTGTCATACTTCTCATGG.qRT-PCR was performed in 96-well plates using the Light Cycler 
480 system (Roche, Swiss). Each 20-µL reaction contained 10µL of 

TransStart Green qPCR SuperMix (Transgen Biotech, China), 0.5µL 

of each primer (10μmmol/L), 8µL of ddH
2
O, and 1µL of cDNA. PCR conditions were as follows: 95 °C for 1min, followed by 40 cycles at 95 °C for 20s, and 61 °C for 31s.

Immunocytochemistry HUVEcs were fixed in 4% paraformaldehyde for 20 minutes 
subsequently washed in PBS. HUVECs were immersed in 0.2% (v/v) Triton X-100 for 7 minutes at room temperature to permeabilize 
cells, then blocked in 1mL of 3% (v/v) BSA and 0.2% Triton X-100 

in PBS at 4 °C overnight on a rocking platform shaker. Primary and 

secondary antibodies were diluted in 3% BSA and 0.2% Triton X-100. Anti-(F-actin (C-2)-Santa Cruz, USA; Vimentin (V9)-Santa 
Cruz, USA; GAPDH (0411)-Santa Cruz, USA; and α-tubulin (TU-02)-

Santa Cruz, USA) was used at 1:500 and incubated at 4 °C overnight 

on a rocking platform shaker. Samples were washed three times 

with 3% (v/v) BSA in 0.2% (v/v) Triton X-100 before the addition of fluorophore-labeled secondary antibodies (AlexaFluor series, 
Life Technologies) directed against the appropriate host. Then 1mL 

of secondary antibodies diluted 1:500 was added to each construct, 

and samples were incubated at 4 °C overnight on a rocking platform 

shaker. Samples were then washed with 3% (v/v) BSA in 0.2% (v/v) 

Triton X100 at least three times before the addition of DAPI (5μg/mL) in PBS. All immunofluorescence images were captured using a Nikon A1-Rsi fluorescence microscope. Images were obtained with 
a Zeiss Axio Imager Z2 microscope.

Cell size analysis

All image analysis (cell segmentation, cell size, and measurements of fluorescence intensity and nuclear size) and data 
analysis was performed with custom-written tools in Nikon-XD. The 

mean and variance of cell size as a function of age were calculated 

by nonparametric regression, as described by Wasserman [31]. To quantify the influence of Se on the variation in cell size, we used 
the normalized median absolute deviation (MAD), that is MAD(x) 

median(x).

Results

Se deprivation reduces f-actin gene and protein 

expression; vimentin expression increases 

Actin is one of the most abundant cellular proteins and is in constant flux based on the needs of the cell. Exposure of HUVECs 
to normal (140µg/L) to reduced (50µg/L) for 24 hours showed a 

decrease in f-actin gene and protein expression (Figure 2). More specifically, we observed a 32% reduction in f-actin gene expression 
in cells deprived of Se compared to cells supplemented with 

physiological normal levels of the trace metal. We next proposed 

the hypothesis of a compensatory mechanism in which other micro-, intermediate, and/or macro-filaments (microtubules) are 
upregulated in response to reduced f-actin levels. An initial gene 
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expression analysis of α-actin, keratin, vimentin, and tubulin were 
performed; only vimentin showed a comparable change in gene expression. A confirmatory PCR analysis showed a 42% increase in 
vimentin expression in response to reduced Se exposure. Western 

blot analysis of both vimentin supported gene expression levels; 

vimentin protein expression increased 44% and f-actin protein 

expression levels were decreased 54% in HUVECs when subjected 

to 24-hour Se deprivation.

Figure 2: Cytoskeletal gene and protein expression in HUVECs in response Se deprivation Microfilament (f-actin) 
and Intermediate filament (vimentin) were measured in response to Se deprivation. Se deprivation in HUVECs 

showed an increased vimentin gene and protein expression level while a decrease in f-actin gene and protein levels 
was observed compared to Se-rich exposure. *p≤0.05. 

Se deprivation alters cell morphology and reduces 

overall endothelial cell size

Observations in differential protein and gene expression 

provoked investigation to cell morphological changes in response 

to Se deprivation. In addition to f-actin and vimentin, our 

studies aimed at characterizing overall cell size in response to Se 

deprivation. Exposure of HUVECs to reduced Se levels showed an 

altered F-actin distribution in which filaments appeared to localize 
at the periphery of the cell (Figure 3). This phenomenon appears to 

be a signature of endothelial cell stress: the formation of actin stress fibers. Interestingly, immunocytoflourescence staining showed 
cellular rearrangement of vimentin, one in which the intermediate filament re-localized to more of a perinuclear/central localization in response to Se deprivation compared to a definitive cytoplasmic 
localization under normal Se conditions.

Figure 3: Altered cell morphology in HUVECs in response se deprivation Microfilament (f-actin) and Intermediate 
filament (vimentin) were assessed via immune cytoflourescence in response to Se deprivation. Se deprivation in 

HUVECs showed a morphometric rearrangement of f-actin to the periphery of the cells compared to that of HUVECs 

cultured in physiologically normal Se levels. Vimentin distribution also changed in response to Se deprivation, 
becoming more perinuclear.
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Previous studies have implicated cell size with altered 

cell function [32]. Concomitant with altered cytoskeletal 

rearrangements, we next sought to investigate if the overall cell 

size changed. Using a morphometric analysis with light microscopy 

and counterintuitive to our hypothesis, exposure of HUVECs to a 

24-hour reduced Se stress reduced the overall size (Figure 4). More specifically, cell size was reduced 38% in response to reduced Se 
levels.

Figure 4: Analysis of cell size in HUVECs in response Se deprivation Ten (10) random fields in HUVECs were 
captured, normalized, and measured for cell size in response to Se deprivation. Se deprivation in HUVECs showed 

an overall reduction in cell size compared to HUVECs supplemented with normal levels of Se. *p≤0.05.

Discussion

The role of trace metals in health and disease continues to be an 

intense area of research. The molecular mechanism(s) associated 

with trace metal deprivation have been sparsely characterized but 

may hold important roles in processes such as cancer and cellular 

aging. To begin our study on the potential cellular role, we held to 

the unifying theme that structure in large part determines function. Our report is the first known in vitro characterization on the role of Se in cytoskeletal integrity of endothelial cells. Our findings appear consistent with clinical outcomes reported with Se deficiency: 
reduced Se levels are associated with outcomes depended on 

altered cell morphology including extravasation, invasion, and 

metastasis of malignant cells. The altered f-actin dynamics observed appear to confirm the essential nature of Se. Our findings at the 
gene, protein, and morphological level stop short of establishing 

Se-linked reduction in f-actin. Rather, analysis of globular (g) actin 

appear to have no difference in gene and expression (data not 

shown) regardless of Se level. This appears to suggest that Se may 

be a direct component in the polymerization of f-actin and that in 

its reduced state, g-actin remains abundant. Reduced f-actin also 

poses an indirect role of Se: metabolism. ATP is needed to” charge” 

g-actin monomers before being added to the (+) end of elongating actin fibers (actin polymerization). Understanding Se’s role in 
oxidative stress as an antioxidant and the mitochondria’s role as 

a major ROS/RNS producer, it is plausible that a consequence of 

Se deprivation is one of mitochondrial damage and subsequent 

reduced mitochondrial capacity (ATP). No known studies have 

explored the role(s) of Se on cellular metabolism but is an area 

of interest in our future studies. F-actin redistribution to the cell 

periphery has been previously characterized in models of cellular 

stress and transformation, including tumorigenesis and metastasis. Known as “stress fibers” are contractile actomyosin bundles found 
in many cultured non-muscle cells, where they also have a central 

role in cell adhesion and morphogenesis. Focal-adhesion-anchored stress fibers also have an important role in mechanotransduction. In animal tissues, stress fibers are especially abundant in endothelial cells, myofibroblasts and epithelial cells. Our finding that intermediate filaments are upregulated as microfilaments are redistributed is the first report in endothelial cells. Moreover, it raises the question of whether the observed intermediate filament 
dynamics are the direct result of Se levels or rather a compensatory 

mechanism. Future studies into Se-intermediate dynamics are 

further needed and could elucidate may cellular processes that are associated with increased intermediate filaments including 
cellular senescence. Lastly, reduced cell size observed with Se 

deprivation is a phenomenon that needs further investigation but 

implicates a potential role for Se in another cytoskeletal entity: 

microtubules. Basic cellular processes including flux across 

membranes are contingent on cell size. As a result, changes in cell 

volume or surface area will have profound effects on metabolic flux, 

biosynthetic capacity, and nutrient exchange. In addition, the basic 

machinery of cell division in eukaryotes relies on microtubules, 

both to form the mitotic spindle and position it properly relative 

to the cortex. Because of the dynamic properties of microtubules, 
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they are able to probe a limited range of lengths, and if cells get too 

big or too small, the mitotic apparatus may have difficulty working.
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