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Background: In recent years, selenium nanostructures have been researched due to their

antibacterial properties, low toxicity to mammalian cells, and high biological efficacy.

However, the clinical implementation of the use of selenium has received mixed results,

and there is much work needed to improve the understanding of the biological mechanisms

involved in the observed cellular responses.

Materials and methods: In this work, an investigation into the mechanistic pathways of

selenium nanoparticles (SeNPs) in biological systems was conducted by studying the

changes in gene expression of ATF4, Bcl-xL, BAD2, HSP70, and SOD2 in non-cancerous

human dermal fibroblasts (HDF) under oxidative stress, nutrient deprivation stress, and no

treatment (control) conditions.

Results: This study revealed that SeNP incubation led to reduced internal reactive oxygen

species (ROS) generation for all conditions tested, thus, providing a protective environment

for HDF. At the stress conditions, the expression of ATF4 and Bcl-xL increased for cells

treated with SeNP incubation, leading to attenuation of the cells under stress. These results

also hint at reductive stress causing a detrimental impact to cell proliferation under routine

cell passaging conditions.

Conclusion: In summary, this study highlights some possible mechanistic pathways impli-

cated in the action of SeNPs that warrant further investigation (specifically, reducing stress

conditions for HDF) and continues to support the promise of SeNPs in a wide range of

medical applications.

Keywords: selenium nanoparticles, oxidative stress, reductive stress, anti-apoptosis, stress

response

Introduction
Selenium (Se) materials have shown great promise for a variety of clinical applications

most notably as a vitamin supplement but also for the management of oxidative stress1–4

and reduction of cancer5–9 and bacterial cells,10–14 and have shown improved efficacy

and safety compared to larger sized Se compounds.1–7,15–17 Previous research has shown

some selectivity towards inhibiting bacterial growth while maintaining or enhancing

mammalian proliferation when exposed to selenium nanoparticles. Selenium is

a common trace element in the body that is essential to healthy nutrition, due to the

formation of selenoproteins18,19 and may even possess anticancer properties.6

The application of Se nanoparticles (SeNPs) is particularly promising as SeNPs

possess lower toxicity than their elemental form; for example, in mice, the LD50 of

selenomethionine was 25.6 mg Se/kg compared with 92.1 mg Se/kg for SeNPs.20

SeNPs also possess a number of material properties not present in the bulk form:21
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SeNPs have a high surface area/volume ratio and possess

increased surface area and increased interactions with bio-

logical targets, leading to higher bioavailability and absorp-

tion by the host.7,22,23 Researchers have shown that SeNPs

may be used as a coating or directly in solution at dosages

that reduce bacterial and cancerous growth while maintain-

ing or promoting mammalian cell function.3,5,11–13,24

Despite their many advantages, SeNPs, like many other

metallic nanoparticles, may induce oxidative stress and pro-

duce reactive oxygen species at high concentrations.25 Thus,

Se chemistry presents an interesting paradox between both

pro- and anti-oxidant activities, depending on the dosage and

cell types exposed.26,27 Se compounds may cause oxidative

stress,DNAdamage, and apoptosis8,9,28–30 or rescue cells from

oxidative damage,31,32 heat shock,1 cadmium toxicity,33,34 and

neural toxins.35 In an attempt to clarify the mechanistic effect

of SeNPs on biological systems, the study presented here

investigated changes in gene expression of human dermal

fibroblasts (HDF) during two different stressed conditions:

oxidative stress and nutrient deprivation, with and without

SeNP pre-incubation. The changes in the expression of

ATF4, Bcl-xL, BAD2, HSP70, and SOD2 in fibroblasts were

studied to assess the response to different stress conditions and

to a no treatment control. Importantly, to the best of the

authors’ knowledge, this represents the first molecular

mechanism study of healthy fibroblasts when exposed to

SeNPs (and such data are often missing from the entire nano-

particle field in general).

Materials and Methods
Selenium Nanoparticle Synthesis
Bovine serum albumin (BSA, Sigma Aldrich, Saint Louis,

MO)-coated SeNPs were synthesized with sodium selenite

and ascorbic acid. 10 mL of 50 mM ascorbic acid (Sigma

Aldrich) was added dropwise to 1 mL of an aqueous solution

containing 100 mM sodium selenite and 10 mg/mL BSA at an

agitation speed of 600 rpm. Upon the addition of the ascorbic

acid to the sodium selenite, the solution turned into light yellow

and eventually dark red. The reaction proceeded for 30 mins

before collecting the NPs by centrifugation (11,000 rpm at 15

mins). NPs were washed at least twice by dI H2O (dI H2O,

Milli-Q system, EMDMillipore, Billerica, MA).

Mammalian Cell Activity Culture
Passage 3–12 human dermal fibroblasts (HDF, Lonza, Basel,

Switzerland; non-cancerous cell line) were cultured using

Dulbecco’s Modified Eagle Medium (DMEM, Sigma

Aldrich) supplemented with 10% fetal bovine serum

(Hyclone, Logan, UT) and 1% penicillin/streptomycin (P/S,

Sigma Aldrich) in a 37°C, humidified, 5% CO2/95% air

environment. HDFs were cultured to ~90% confluence,

rinsed with Dulbecco’s phosphate-buffered saline (dPBS,

Sigma Aldrich), and detached from the tissue culture surface

with 0.25% trypsin-EDTA (Sigma-Aldrich). HDF cells were

then seeded into 96 well plates at 5000 cells/well. After 6 hrs,

DMEM with and without SeNPs were separately added to

the cells for 24 hrs. The media was then exchanged with the

stress conditions, either 150 μM hydroquinone (Sigma

Aldrich), DMEM with only 0.2% FBS, or DMEM with

10% FBS (negative control). Cells were then cultured for

an additional 72 hrs in the media containing the stressors.

Mammalian Cell Characterization Assays
Downstream assays were conducted at the 6, 12, 24, 48,

and 72 hrs time points for the live/dead stain, intracellular

ROS assay, or RNA extraction. The MTS assay was con-

ducted at 24, 48, and 72 hrs. For qPCR studies, the cells

were grown in a 6-well plate at 150,000 cells/well (scaled

based on the surface area).

For determining cell count, the MTS assay was used

(Cell Titer 96 Aqueous One Solution Cell Proliferation

Assay, G3581 Promega). The cell culture medium was

aspirated before adding a 1:5 (media: MTS) solution for

2.5 hrs and before measuring the absorbance of each well

by a SpectraMaxM3 plate-reader at 490 nm. Controls

included wells with no cells, and a standard curve was

constructed with known cell numbers.

A live/dead stain (calcein AM/ethidium homodimer-1,

Invitrogen) was used to assess the health of the cells. The

cells were centrifuged at 200g for 5 mins before the addition

of the dye (final concentration: calcein AM = 1 μM/ethidium

homodimer-1 = 2 μM). The cells were then imaged using the

Zeiss Axio Observer Z1 inverted microscope.

Intracellular ROS was measured using a CM-H2DCFDA

kit (ThermoFisher). The HDF cells were washed with dPBS

before incubating with 100 μM CM-H2DCFDA for 1 hr.

Afterwards, the dye solution was removed, and the cells

were washed once more with dPBS before incubating in

DMEM for 24 hrs to develop the signal. The fluorescent signal

was read by a SpectraMax M3 at Ex/Em: 495 nm/520 nm.

For all procedures involving RNA extraction, reverse

transcriptase (RT)-PCR, and qPCR, only RNAse-DNAse-

free supplies (pipette tips, centrifuge tubes, water, etc.)

were used. A Trizol (ThermoFisher) reagent was used to

extract the RNA from the HDF cells. After the designated
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incubation time, the media was aspirated, and the cells

were washed 1x with dPBS. 0.5 mL of Trizol was then

added to each well and transferred into a centrifuge tube.

Chloroform (Sigma) was added to the solution of Trizol at

a 1/5 volume ratio of the Trizol (100 μL). The samples

were then centrifuged at 12,000 g for 15 min at 4°C. The

clear aqueous phase was then transferred to new centri-

fuged tubes, and 300 μL of isopropanol (Sigma) was

added to precipitate the RNA. The samples were centri-

fuged once more at 12,000 g for 10 min at 4°C. The

supernatant was removed, and the precipitated RNA was

washed with 75% ethanol, diluted with pure ethanol

(Sigma) and DEPC-treated water (ThermoFisher), at

equal volumes to the Trizol (500 μL). The samples were

centrifuged at 12,000 g for 2 min at 4°C. Afterwards, the

ethanol was decanted away; the RNA precipitate was air-

dried on ice until most of the ethanol evaporated.

Afterwards, the RNAwas resuspended in 20 μL of DEPC-

treated water in preparation for the RT-PCR reaction.

Reagents from the RevertAid RT Reverse Transcription

Kit (ThermoFisher) were used to perform the RT-PCR reac-

tion. 2 μL of RNA was used for each reaction to a total

volume of 20 μL, following the manufacturer’s instructions.

The RNA samples were then incubated at 25°C for 5 mins,

heated to 45°C for 60 mins, and terminated at 70°C for 5

mins. 100 μL of DEPC-treated water was then added to the

cDNA product before proceeding to qPCR studies.

The qPCR studies performed here utilized the SYBR

green dye (ABI Prism, KAPA). Each reaction contained 5

μL of cDNA, 1 μL of forward and reverse primers at10

μM, the reaction master mix, and DEPC-treated water,

totaling a 20 μL reaction volume. 6 genes (GAPDH,

ATF4, Bcl-xL, BAD, SOD2, HSP70) were tested using

the following primers:

GAPDH F: AAC GGG AAG CTT GTC ATC AAT

GGA AA

GAPDH R: GCA TCA GCA GAG GGG GCA GAG

ATF4 F: ATG ACC GAA ATG AGC TTC CTG

ATF4 R: CTG GAG AAC CCA TGA GGT TTG

Bcl-xL F: GAT CCC CAT GGC AGC AGT AAA

GCA AG

Bcl-xLR:CCCCATCCCGGAAGAGTTCATTCACT

BAD F: CGC TAC GGT GGG AGA GGA AGC

BAD R: GCT CAC TCG GCT CAA ACT CTG GGA

SOD2 F: GGA AGC CAT CAA ACG TGA CTT

SOD2 R: CCC GTT CCT TAT TGA AAC CAA GC

HSP70 F: ACTCTTGAGGCCTACTACAGCTCTCC

HSP70 R: TGG AGC CAT CAG ACT GAG GAG TGA

The reaction took place inside a QuantStudio 6

(ThermoFisher) with the following heating protocol: 3

min hold at 95°C and 40 cycles of 95°C for 3 sec and

60°C for 20 sec. A melt curve followed every reaction to

assess whether the reaction produced single, specific pro-

ducts. GAPDH was used as the endogenous control, and

the gene expression was referenced against the HDFs

without SeNP incubation and fed only 10% FBS DMEM.

The relative quantification (RQ) was calculated by 2−ΔΔCT.

Statistical Analysis
All experiments were conducted in triplicate. Analysis of

variance (ANOVA) and Student’s t-tests were used to deter-

mine the significance in the changes in cellular activity.

Results
Cell Viability and Morphology After Stress
The HDF cells were pre-incubated with 10 μg/mL SeNP

based on previous experiments investigating the effect of

dosing on HDF viability. This concentration represented

the highest concentration at which there was a negligible

detrimental impact to HDF proliferation. While clinically

it is unlikely that 10 μg/mL will reach the cells of interest,

even an order magnitude of initial dosage larger (100 μg/
mL) is within a reasonable dosage for Se in the body. The

cells were challenged with either hydroquinone, a strong

oxidizer, or a low nutrient condition (low serum) for D1, 2,

and 3 after the 1 day incubation with SeNP (Figure 1).

Figure 1A shows that the addition of SeNP led to an

approximate 20% reduction in MTS activity on all three

days tested which was in line with previous results (p <

0.01). For the -SeNP condition (solid lines in Figure

1A–C), the D1 and D2 cell numbers (p > 0.05) for the

normal and low serum conditions were almost identical

until D3 (p < 0.01). This would suggest that the low

serum did not fully affect the cells until D2.

Interestingly, although pre-incubation with SeNP (dotted

lines in Figure 1A–C) decreased the MTS signal on D1

and D2, the D3 signal was comparable to that of the -

SeNP condition. Once nutrient depletion started to affect

the cells, the +SeNP condition led to a lower drop in

MTS activity. The HQ challenge caused a significant

loss of MTS signal for both of the +SeNP and -SeNP

conditions (Figure 1C). However, the +SeNP had

approximately doubled the cell number compared to

the -SeNP condition for all the time points tested (p <

0.01). Next, the dose response of the SeNP, ranging
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from 1–50 μg/mL, incubation was tested once more

against the HQ challenge (Figure 1D). All the +SeNP

conditions had a higher MTS response than the -SeNP

condition although the MTS signal was inversely pro-

portional to the concentration of SeNP used to incubate

the cells. Interestingly, at the 20 and 50 μg/mL concen-

tration of SeNPs, the cells lost the cytoprotective effect

at 72 hrs and were not statistically different from that of

no SeNP incubation (p > 0.05).

Both phase-contrast and live/dead stains of the cells

were imaged to assess the cell morphology. For the no-

treatment condition (Figures 2 and 3), the morphology of

both the -SeNP and +SeNP conditions appeared normal

and undamaged, exhibiting the expected triangular spread-

ing from fibroblasts and high viability. The -SeNP condi-

tions displayed irregular morphology: many cells were

rounded (Figure 4A–D), and microscopy images from the

live/dead stain indeed showed higher amounts of dead

cells at the 48 hrs condition in the -SeNP condition

(Figure 5A–D). Conversely, the live/dead images for the

+SeNP condition showed generally a healthy morphology

and high viability. Finally, the images for the low serum

condition (Figures 6 and 7) showed no distinguishable

difference.

ROS and Gene Expression
Intracellular ROS was measured using the CM-H2DCFDA

kit. CM-H2DCFDA fluoresces upon cleavage by intracel-

lular esterases, which have increased activity in oxidative

stress conditions. In all +SeNP conditions, the amount of

internal ROS was reduced, relative to the -SeNP condition,

until 24 hrs, at which point the ROS became higher,

relative to the -SeNP condition. The low serum condition

and the no treatment conditions demonstrated comparable

levels of ROS between both the -SeNP and +SeNP condi-

tions until 72 hrs (Figure 8A and B). In the HQ challenge

(Figure 8C), the +SeNP condition had approximately

doubled the internal ROS by 72 hrs compared to the -

SeNP condition.

qPCR studies were then conducted, measuring the

relative quantification (RQ) of 5 different genes: ATF4,

BAD, Bcl-xL, HSP70, and SOD2 (Figure 9). ATF4 had

previously been shown to attenuate the cell response

during hypoxia36 and had increased gene expression in

a nutrient depletion model.37 The 12 and 48 hrs time

points were chosen as those where the time points

closest to the 24 hrs inflection where the +SeNP condi-

tion changed from a lower relative ROS to a higher

relative ROS compared to the -SeNP condition. In

Figure 1 MTS signal for human dermal fibroblasts (HDFs) pre-incubated with selenium nanoparticles (SeNP) or normal cell culture medium against stressor challenges of: (A)

normal cell culture medium, (B) 0.2% FBS-DMEM, and (C) 150 μMhydroquinone (HQ). (D) Effect of SeNP dosing at pre-incubation for protecting against HQ challenge. Cells were

assessed at 24, 48, and 72 hrs. All tests were conducted in triplicate, N=3. Data = mean ± standard deviation. Respective indications for * appear at the top of each figure.

Abbreviation: NS, not significant.
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both the no treatment and the HQ challenge condition,

the addition of SeNP substantially elevated the activity

of SOD2 at 12 hrs (Figure 9B) before falling back to

baseline levels at 48 hrs (Figure 9E). In addition, in

both of these conditions, the addition of SeNP led to

a mildly elevated expression of HSP70 at 12 hrs (Figure

9B and E) before returning to the baseline. For the no-

treatment condition, the addition of SeNP (Figure 9A)

did not significantly affect the expression of ATF4,

BAD, or Bcl-xL. At the stressed conditions (Figure 9B

and C), the addition of SeNP led to a higher expression

of ATF4 and Bcl-xL at 12 hrs. The expression of Bcl-xL

remained elevated at 48 hrs (Figure 9E and F). BAD

expression was elevated in both +SeNP/stressed condi-

tions although not significantly above the -SeNP condi-

tions. Surprisingly, HSP70 showed a lower expression in

both +SeNP/stressed conditions at both 12 and 48 hrs

time points.

Figure 2 Phase contrast images for human dermal fibroblasts (HDFs) with a normal DMEM growthmedium challenge at 12 and 48 hrs. 10×magnification. (A): –SeNP/12 hrs; (B) –
SeNP/48 hrs; (C) +SeNP/12 hrs; (D) +SeNP/48 hrs. Scale bars = 100 microns.
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Discussion
Based on the qPCR and internal ROS studies, the key find-

ings for each of the stressor groups tested (no treatment, HQ,

and 0.2% low serum) are summarized in Table 1 and are

further explained below.

No Treatment Conditions
SeNP led to enhanced HSP70 and SOD2 gene expression

at 12 hrs, perhaps a sign of the increased activation of the

antioxidant pathway. By 48 hrs, the gene expression of

both returned to their normal level (~1). The expression

level of ATF4, BAD, and Bcl-xL at both time points did

not conclusively differ from that of the -SeNP condition.

However, based on the inflection in intracellular ROS

behavior from relatively lower levels to relatively higher

levels than the -SeNP conditions at around 24–48 hrs, it

may be inferred that the increased SOD2 expression dur-

ing the 12 hrs may have led to anti-oxidant depletion in the

Se treated condition, causing the internal ROS to increase

once the antioxidant stores were depleted. Studies

Figure 3 Live/dead images (calcein AM/ethidium homodimer-1) for human dermal fibroblasts (HDFs) with normal DMEM growth medium challenge at 12 and 48 hrs. 10×

magnification. (A): –SeNP/12 hrs; (B) –SeNP/48 hrs; (C) +SeNP/12 hrs; (D) +SeNP/48 hrs. Scale bars = 100 microns.
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involving other metallic nanoparticles have shown

a similar phenomenon where activation in SOD and CAT

have coincided with a depletion of GSH stores.25 In addi-

tion, excessive reducing equivalents, such as SOD2,38 may

lead to reductive stress that harms cell culture perfor-

mance. This may account for how higher doses of SeNP

lead to poorer cell rescuing (Figure 1D) if the increased

dosage overshot the oxidative balance towards reductive

stress. Regardless, the homeostasis between pro-oxidant

and antioxidant is a delicate balance where excessive

signals from either direction may lead to detrimental stress

for the cells.

HQ Condition
In response to HQ stress, SeNP activated the ATF4, SOD2,

and Bcl-xL response to protect the cells at 12 hrs.

Increased activation of ATF4 was expected as it was pre-

viously shown to respond to exogenous stresses.36,37 In

this case, the activation of the anti-oxidative stress path-

way was needed to counter the HQ stress and help increase

Figure 4 Phase contrast images for human dermal fibroblasts (HDF) with 150 μM HQ challenge at 12 and 48 hrs. 10× magnification. (A): –SeNP/12 hrs; (B) –SeNP/48 hrs;

(C) +SeNP/12 hrs; (D) +SeNP/48 hrs. Scale bars = 100 microns.
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cell numbers. Additionally, the intracellular ROS values

for the +SeNP condition were reduced compared to the -Se

condition until 24 hrs. However, this assay also measured

only intracellular ROS as an absolute value, based on the

number of viable cells. The +SeNP condition was approxi-

mately double the number of viable cells as the -Se con-

dition at 48 and 72 hrs. Internal ROS values for the +Se

condition were 120% for both 48 and 72 hrs and 84 and

74% for the -Se condition at 48 and 72 hrs, respectively.

Together, this may indicate that the internal ROS per cell

was likely even lower in the +SeNP condition and this

may be why the cells were able to proliferate.

By 48 hrs, the internal antioxidant mechanism was

likely depleted, leading to a reduced expression of

SOD2. The expression of the BAD and Bcl-xL genes

was at the same level on the Se treated cells from 12 to

48 hrs whereas the gene expression of these two genes

increased on the untreated cells from 12 to 48 hrs. In

the case of HQ stress, the likely mechanism to the

rescuing effect was in the activation of the anti-

Figure 5 Live/dead images (calcein AM/ethidium homodimer-1) images for human dermal fibroblasts (HDFs) with 150 μM HQ challenge at 12 and 48 hrs. 10× magnification.

(A): –SeNP/12 hrs; (B) –SeNP/48 hrs; (C) +SeNP/12 hrs; (D) +SeNP/48 hrs. Scale bars = 100 microns.
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oxidative stress pathways and the anti-apoptotic

pathways.

0.2% Serum Condition
The 0.2% serum condition may be thought of as two phases:

the first phase at D1 and 2 and the second phase at D3. In D1

and D2, the response was very similar to the response from the

no-treatment condition: the cell numbers for the no treatment

condition compared to the low serum condition were very

similar at the D1 and D2 time points (Figure 1B), suggesting

that nutrient depletion had yet to affect the cell proliferation.

However, even though the cell growth was unaffected, the

HDF cells already exhibited differential gene expression.

Similar to the HQ challenge, the 0.2% serum condition

increased expression of ATF4 and Bcl-xL for the +SeNP

condition in response to this environmental shock.

Reduction in HSP70 and SOD expression was sur-

prising as HSP70 may also regulate against nutrient

Figure 6 Phase contrast images for human dermal fibroblasts (HDFs) with 0.2% FBS-DMEM challenge at 12 and 48 hrs. 10× magnification. (A): –SeNP/12 hrs; (B) –SeNP/48

hrs; (C) +SeNP/12 hrs; (D) +SeNP/48 hrs. Scale bars = 100 microns.
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depletion. In some cases though, researchers have

observed no change to HSP70 after heat shock in the

presence of Se.39 In that study, Rivera et al found that

the turkey embryos compensated for the heat shock by

increased GPx activity. GPx utilizes GSH as a substrate

for converting H2O2 to water. GSH depletion was

already suspected as the cause of the internal ROS

inflection and may play a role in this current system.

Hyperactive GSH would account for both the reduced

HSP70 response and the reduced ROS levels in the

+SeNP condition although further studies will be needed

to confirm this theory.

By D3, the cell number of the -SeNP condition had

fallen to the same level as that of the +SeNP condition,

and the 48 hrs qPCR results indicated that both the -SeNP

and +SeNP conditions had significant activation of the

apoptotic pathways, as shown by the increase in BAD

expression from 12 to 48 hrs. However, the +Se treated

cells showed a lower activation of the BAD gene while

maintaining a higher expression of the Bcl-xL gene, which

Figure 7 Live/dead images (calcein AM/ethidium homodimer-1) images for human dermal fibroblasts (HDFs) with 0.2% FBS-DMEM challenge at 12 and 48 hrs. 10×

magnification. (A): –SeNP/12 hrs; (B) –SeNP/48 hrs; (C) +SeNP/12 hrs; (D) +SeNP/48 hrs. Scale bars = 100 microns.
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Figure 8 Intracellular ROS was measured by the CM-H2DCFDA kit and measured 6, 12, 24, 48, and 72 hrs after treatment with stressor conditions: (A) = no treatment;

(B) = 0.2% serum; and (C) = 150 μM hydroquinone (HQ). The fluorescent signal was normalized to the no selenium nanoparticle (SeNP) incubation/no treatment cells. N =

3, triplicates. Data = mean ± standard deviation. *p < 0.05 compared to –SeNP condition.

Abbreviation: NS, not significant.

Figure 9 Relative quantification (RQ) of ATF4, BAD, Bcl-xL, HSP70, and SOD2 at12 and 48 hrs. GAPDHwas the endogenous gene control and the –SeNP/no treatment condition

was the reference sample. (A) The 12 hrs RQ for no-treatment condition, (B) 150 μM HQ condition, and (C) 0.2% fetal bovine serum (FBS) and the 48 hrs RQ for (D) no-

treatment condition, (E) 150 μMHQ condition, and (F) 0.2% FBS. N = 3, triplicates. Data = mean ± standard deviation. Respective indications for * appear at the top of each figure.

Abbreviation: NS, not significant.
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may account for the reduced drop in cell number as com-

pared with the -Se condition.

Conclusion
Results of the present study suggest that the biological

action of SeNP may be caused primarily by changes in

the oxidative state as well as activation of stress response

and anti-apoptotic pathways. The ATF4 and Bcl-xL genes

were both activated in the stress conditions in SeNP pre-

incubated cells, and the attenuation in cell number in the

+SeNP cells was statistically significant. The preliminary

evidence here shows signs of reductive stress; this buildup

of reducing equivalents may harm cells in the absence of

external stressors but protects cells in the event of external

stresses. There is a growing body of literature showing

excessive reducing equivalents eventually lead to

increased oxidative stress.40–42 It may be possible that

the pro-oxidant effects induced by SeNPs shown in the

literature were caused by the overactive reductive stress

although further investigations will be needed to confirm

this theory. Future studies would first focus on confirming

the initial findings reported here.

Results from these studies hint at the presence of

reductive stress, something previously only observed in

cardiac systems. Implications of these results could change

the paradigm on oxidative stress and all associated condi-

tions, including aging, immunology, and cardiology,

although further studies are needed to strengthen this

claim. Additional studies would investigate the activity

of the GSH/GPx system to confirm the presence of reduc-

tive stress. Assays looking at the ratio of the GSH

(reduced form)/GSSG (oxidized form) and protein expres-

sion may provide further insight into the mechanism of

SeNP activity.

Results from this work have also shown the sensitivity

of cells to the dosing of SeNPs, and future studies should

focus on determining the localization of the SeNPs in the

cells. Information about the SeNP internalization would

also help to address whether these changes in genetic

activity were caused by antioxidant and stress pathway

activation in response to SeNPs or by SeNP metabolism

by the cells. Further studies investigating the protein spe-

cies associated with Se metabolism would help isolate the

contributions of the Se metabolism to the changes in gene

expression shown here.
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