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Abstract

Aim: Recent advances in quantitative methods and sensitive imaging techniques of trace elements provide
opportunities to uncover and explain their biological roles. In particular, the distribution of selenium in tissues
and cells under both physiological and pathological conditions remains unknown. In this work, we applied
high-resolution synchrotron X-ray fluorescence microscopy (XFM) to map selenium distribution in mouse liver
and kidney. Results: Liver showed a uniform selenium distribution that was dependent on selenocysteine
tRNA[Ser]Sec and dietary selenium. In contrast, kidney selenium had both uniformly distributed and highly
localized components, the latter visualized as thin circular structures surrounding proximal tubules. Other parts
of the kidney, such as glomeruli and distal tubules, only manifested the uniformly distributed selenium pattern
that co-localized with sulfur. We found that proximal tubule selenium localized to the basement membrane. It
was preserved in Selenoprotein P knockout mice, but was completely eliminated in glutathione peroxidase 3
(GPx3) knockout mice, indicating that this selenium represented GPx3. We further imaged kidneys of another
model organism, the naked mole rat, which showed a diminished uniformly distributed selenium pool, but
preserved the circular proximal tubule signal. Innovation: We applied XFM to image selenium in mammalian
tissues and identified a highly localized pool of this trace element at the basement membrane of kidneys that was
associated with GPx3. Conclusion: XFM allowed us to define and explain the tissue topography of selenium in
mammalian kidneys at submicron resolution. Antioxid. Redox Signal. 16, 185–192.

Introduction

Biological trace elements occur in very small
amounts in organisms but often have essential functions.

The metabolism of trace elements is tightly regulated to avoid
toxicity (owing to their high reactivity) while maintaining the
concentrations required for metabolic processes. Several regu-
latory mechanisms have evolved to control transport, traf-
ficking, and utilization of trace elements. For example, most
elements have specific importers and exporters; there are also
designated proteins, metallothioneins, capable of binding ex-
cess amounts of trace elements (copper, zinc) through their
cysteine residues (9). One important biological trace element is

selenium (Se). Although this element is toxic at higher con-
centrations, it is an essential dietary trace element in humans
and other mammals (24). In mammals, Se occurs primarily in a
protein-based form (selenocysteine and selenomethionine
residues) and, at lower levels, in the form of low molecular
weight compounds (selenite, selenide, monomethylselenol,
dimethylselenide, trimethylselenonium, L-selenomethionine,
and Se-methyl-L-selenocysteine) (22).

The incorporation of Se into proteins in mammals is a
complex process that involves several levels of regulation (2).
Selenocysteine (Sec) is encoded by a UGA codon, and its in-
sertion requires the presence of a specific stem–loop structure,
designated the SECIS element, in the 3¢-UTR (31). The human
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selenoproteome is encoded by 25 selenoprotein genes, and
there are 24 such genes in rodents (17). Selenoproteins are
involved in central cellular processes, such as regulation of
redox homeostasis, biosynthesis of thyroid hormones, glucose
metabolism, and male reproduction (3). Se deficiency has been
associated with cancer, arthritis, immunological defects, aging,
and infertility (11, 24). In addition, an endemic cardiomyopa-
thy, Keshan disease, occurs in certain Se-deficient areas of
China and can be treated by oral Se supplementation (33). Se
metabolic disorders also include Kashin-Beck disease, myx-
edematous cretinism, and male infertility (27). It is thought that
dietary Se plays an important role in cancer prevention; how-
ever, controversial results were obtained in a human clinical
trial that used selenomethionine as a source of Se to prevent
prostate cancer. This trial found no effect of Se supplementa-
tion on prostate cancer incidence (19); however, these results in
part can be explained by the high Se baseline of the participants
and the chemical form of Se used in the trial (12).

Several valuable knockout mouse models have been de-
veloped to study Se metabolism, such as liver-specific Sec
tRNA[Ser]Sec knockout mice, which lack expression of all se-
lenoproteins specifically in hepatocytes. These mice are viable
and show dramatically decreased Se levels in plasma (8). The
use of this model revealed an essential role of selenoproteins
in liver as well as compensatory mechanisms that protect
against selenoprotein deficiency. Glutathione peroxidase 3
(GPx3, also known as plasma glutathione peroxidase) is an
extracellular selenoprotein that belongs to the glutathione
peroxidase family. In mammals, it is mainly expressed in
proximal convoluted tubule cells in the kidney (28). After
secretion, it circulates in plasma, but a recent study suggested
that a significant portion of GPx3 remains bound to the
basement membranes in kidneys (20). The exact function of
GPx3 in plasma or at the basement membrane is not known.
Decreased expression of this protein may lead to arterial is-
chemic stroke and cerebral venous thrombosis (29). GPx3
knockout mice are viable, but show increased platelet-
dependent thrombus due to the decreased antioxidant capacity
in plasma (14). As a member of the glutathione peroxidase
family, GPx3 can function as an antioxidant enzyme; how-
ever, it is unclear what the endogenous source of reducing
equivalents is that supports its peroxidase activity.

Another plasma selenoprotein, Selenoprotein P (SelP),
contains 10 Sec residues and is a major plasma selenoprotein.
It is primarily expressed in liver and serves as a Se delivery
protein (4). It has also been shown that SelP delivers Se to the
brain (13). SelP knockout mice are infertile due to impaired
spermatogenesis and show severe neurological defects. Spe-
cific re-expression of SelP in the liver restores Se transport and
rescues phenotypes associated with SelP deficiency (25).
Using X-ray fluorescence microscopy (XFM), we recently
showed that SelP provides testes with Se where it is used for
synthesis of the mitochondrial form of glutathione peroxidase
4 (16, 20).

Naked mole rats are another valuable rodent model to
study the role of Se in biology and medicine. These mouse-
sized eusocial animals live in subterranean colonies in eastern
Africa. The lifespan of naked mole rats exceeds 30 years and
they are not known to develop cancer (5, 18, 26). We recently
found that naked mole rats are characterized by overall lower
levels of Se (15). Mapping Se in tissues may provide new and
important insights on the role of Se in cancer prevention and
aging.

Se distribution and relocalization during physiological and
pathological processes in tissues and cells have not been
characterized. Se content in mammalian tissues is quite low
(compared to other elements, such as zinc and iron). There-
fore, accurate and sensitive detection of cellular Se is chal-
lenging. In this study, we utilized high resolution synchrotron
XFM to map the content and distribution of Se in liver and
kidney. In addition to imaging, we analyzed Se levels by in-
ductively-coupled plasma mass spectrometry (ICP-MS).
These analyses were coupled with imaging Se in the kidney of
knockout models of two major plasma selenoproteins, SelP
and GPx3. Finally, we analyzed Se in the kidney of mice and
naked mole rats.

Results

Uniform distribution of Se in mouse liver

We recently reported the first use of XFM to image Se dis-
tribution in mouse testes and sperm (16); however, the dis-
tribution of Se in other mammalian organs remains unknown.
In the current work, we applied synchrotron XFM to analyze
the spatial distribution of Se in mouse tissues, focusing on
liver and kidney, which are organs with higher levels of Se
compared to most other organs. Analysis of paraffin-embed-
ded liver sections of a wild-type mouse maintained on a
regular diet (0.4 ppm Se) revealed a Se signal in liver (Fig. 1A).
The assignment of the Se signal was verified by recording
single point spectra. Se maps of multiple independent liver
samples showed a uniform distribution of this element in
hepatocytes. In contrast, Se could not be unambiguously de-
tected in the livers of mice characterized by liver-specific
knockout of Sec tRNA[Ser]Sec (8) maintained on a Se-deficient
diet (Fig. 1A). This diet has a four-fold lower Se level than
regular chow and is often used to achieve decreased expres-
sion of all selenoproteins in mouse tissues. Although some
background signal was recorded for knockout samples,
integral spectra showed that it was considerably lower than
the signal in wild-type tissue (Supplementary Fig. S1;
Supplementary Data are available online at www.liebert
online.com/ars).

Innovation

In this work, high resolution synchrotron X-ray fluo-
rescence microscopy was used, for the first time, to image
Se in mammalian liver and kidney. Both tissues contained
uniformly distributed Se, but kidney also showed highly
localized circular structures of Se surrounding proximal
tubules. We found that this signal represents GPx3, which
was secreted from these tubules and remained bound to
the basement membrane. It represented approximately
20% of the Se pool in mouse kidney, and an even a higher
fraction of this element in the kidney of the naked mole rat.
We demonstrate that XFM is a useful tool for studying Se
trafficking and distribution in mammals at tissue and cel-
lular levels. Advances in XFM should further help to in-
crease sensitivity and resolution of this method and make it
amenable for detection of lower amounts of Se and its
distribution in cellular compartments.
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Highly localized Se in the basement membrane
of proximal tubules in mouse kidney

We further examined the Se distribution in mouse kidney.
In contrast to liver, Se was heterogeneously distributed in the
kidney. The XFM map indicated two Se pools, one of which
was distributed across various structures, while the other was
represented by a highly localized signal (Fig. 1B). Glomeruli
are responsible for blood filtration and therefore may be ex-
pected to show elevated Se levels. However, no increased Se
was detected in glomeruli, where this element was uniformly
distributed. The localized Se distribution was observed in the
form of thin circular structures 15–25 lm in diameter. These
structures specifically encircled renal proximal tubules and
were identified as the basement membrane. Distal tubules,
like other parts of the kidney, showed a uniform Se distribu-
tion (Fig. 1B). The specific Se distribution to the basement
membrane of proximal tubules was repeatedly observed in
the analyzed samples.

In addition to Se, we imaged other elements. Chemically, Se
is very similar to sulfur, but unlike Se, sulfur was uniformly
distributed throughout mouse kidney (Fig. 1B). Phosphorus
was associated with cell nuclei, consistent with its high oc-
currence in DNA. None of the other elements detected under
XFM analysis showed circular structures co-localizing with Se
maps.

Se imaging in the kidney of the naked mole rat

We further examined the Se distribution in the kidney of
the naked mole rat (H. glaber) to test whether the highly lo-
calized Se signal in the proximal tubule was specific to mice or
if it also occurred in other mammals. We recently found that
naked mole rats are characterized by overall lower levels of Se
due to low expression of GPx1 (15). Paraffin-embedded kid-
ney sections from a 6-year-old naked mole rat were imaged
for Se content and distribution using XFM. While the uni-
formly distributed Se was decreased in the naked mole rat
(Table 1), the highly localized basement membrane Se was
significantly higher than that in the mouse (Fig. 2). To further
characterize Se levels in naked mole rat kidneys, we analyzed
trace elements in tissue lysates using ICP-MS. When com-
pared to the mouse, kidney lysates of the naked mole rat had
lower Se levels (Table 1).

FIG. 1. XFM of Se in mouse liver and kidney. (A) XFM scans
of livers from wild-type and liver-specific Sec tRNA[Ser]Sec

knockout mice. Paraffin embedded sections (5lm) from livers of
C57BL/6J mice (WT liver) on a normal diet and the corre-
sponding mice characterized by liver-specific Sec tRNA[Ser]Sec

knockout maintained on a Se-deficient diet (low Se KO liver)
were mounted on silicon nitride windows, and both light mi-
croscope and XFM images were obtained. Se maps are shown in
the figure. Maximum and minimum threshold values are given
above each image. The scan was obtained by using 13 keV in-
cident energy with a dwell time of 4 sec per pixel and 0.4 lm
steps through the sample. (B) XFM of Se in different regions of
mouse kidney. Paraffin sections of mouse kidney were mounted
on silicon nitride windows and analyzed using XFM. Se distri-
bution was analyzed in glomeruli, proximal tubules, and distal
tubules. Arrows indicate the areas of low Se signal. Phosphorus
and sulfur maps were used to visualize the morphology of the
tissue sections. The data were obtained using 13 keV incident
energy with a dwell time of 1.8 sec per pixel and 1lm steps
through the samples. Maximum and minimum threshold values
are given above each image. (To see this illustration in color
the reader is referred to the web version of this article at www
.liebertonline.com/ars).

Table 1. Quantification of Se in Mouse and Naked

Mole Rat Kidney Using XFM and ICP-MS

Method Tissue
Naked

Mole Rat Mouse

XFM ng/mm3

tissue
Kidney, basement

membrane*
10.1 – 0.51 6.94 – 0.83

Kidney, proximal
tubule

1.72 – 0.49 2.91 – 1.28

ICP-MS fg/lg
total protein

Kidney* 27.1 – 1.92 77.6 – 9.47

Data represents means – SD, n = 3 for XFM and n = 5 for ICP-MS
measurements.

*Values (naked mole rat vs. mouse) are statistically significant
(P < 0.05).
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Se in the basement membrane
of proximal tubules represents GPx3

To characterize the source of Se in the basement mem-
branes of proximal tubules in kidneys, we utilized knockout
mouse models. We analyzed samples from SelP and GPx3
knockout mice to test if the localized Se signal is associated
with the expression of these selenoproteins. As mentioned
above, SelP is the most abundant plasma selenoprotein in
mammals; it is synthesized primarily in the liver and delivers
Se to other organs. Using XFM, we first imaged Se distribution
in SelP knockout and corresponding wild type mice and
found that the basement membrane Se was preserved in SelP
knockout mice (Fig. 3A). Further XFM analyses did not show
significant changes in the Se content of proximal tubules in
SelP-/- and control mice (Table 2).

GPx3 is a plasma selenoprotein primarily expressed in the
kidney. XFM showed that Se in the basement membrane of
the kidney was significantly altered in GPx3 knockout mice
(Table 2, Fig. 3B). ICP-MS analysis also showed a distinctive
20% decrease of Se in kidney and plasma (P < 0.001), but not in
the liver of GPx3-/- mice (Fig. 4A). We further confirmed the
localization of GPx3 in the kidney by employing immuno-
histochemistry to stain paraffin sections with anti-GPx3 an-
tibodies (Fig. 4B). The protein was mostly detected in
basement membranes of proximal tubules and, therefore, co-
localized with the distribution of Se. In addition, immuno-
histochemistry of kidney sections with anti-SelP antibodies

FIG. 2. Distribution of elements in mouse and naked mole
rat kidneys. Paraffin-embedded kidney sections (5 lm) from
mice and naked mole rats were mounted on silicon nitride
windows and elemental distribution of phosphorus, sulfur,
and Se was mapped using synchrotron XFM. Phosphorus and
sulfur maps were used to visualize the morphology of the
tissue sections. Images were obtained with 1.5 sec dwell time
and 1 lm steps at the incident energy 13 keV. Maximum and
minimum threshold values are given above each image. (To
see this illustration in color the reader is referred to the web
version of this article at www.liebertonline.com/ars).

FIG. 3. Elemental distribution in kid-
neys of wild-type and selenoprotein
knockout mice. (A) Elemental distribu-
tion in kidneys of wild-type and SelP
knockout mice. Mouse tissues were fixed
and paraffin embedded. Five-micron sec-
tions were mounted on the silicon nitride
windows. Se, P, and S distributions of the
boxed region (H&E image) were analyzed
using XFM. Following elemental map-
ping, the morphology of the tissues was
confirmed using hematoxylin/eosin
staining (H&E). Se was primarily local-
ized to the basement membrane of prox-
imal tubules (arrows). This distribution
was not altered in the SelP knockout. (B)
Elemental distribution in kidneys of con-
trol and GPx3 knockout mice. Mouse tis-
sues were fixed and paraffin embedded.
Five-micron sections were mounted on
the silicon nitride windows. P, S, and Se
inside the boxed region were imaged using
XFM. Phosphorus and sulfur images are
used to show tissue morphology. Images
were obtained with 1.5 sec dwell time and
1 lm steps at the incident energy 13 keV.
Maximum and minimum threshold val-
ues are given above each image. (To see
this illustration in color the reader is re-
ferred to the web version of this article at
www.liebertonline.com/ars).
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revealed a luminal distribution of this protein in epithelial
cells of proximal tubules (Fig. 4B).

Discussion

The mechanisms of Se distribution in mammals have not
been comprehensively investigated. Humans have 25 sele-
noprotein genes, and quantification of absolute levels of se-
lenoproteins is difficult, considering their low expression
levels. While ICP-MS can quantify Se in various organs, it
does not address its spatial distribution within cells and tis-
sues, which is the most useful information. To deal with this
challenge, we used synchrotron XFM to image directly and
quantify Se and other elements in mammalian tissues, fo-
cusing on liver and kidney, which are organs with high Se
levels. This method has a lower sensitivity than ICP-MS and
only allows imaging of concentrated and localized Se pools in
tissues. However, it provides important morphological in-
formation necessary for understanding functional relations
involving selenoproteins. Using ICP-MS and XFM data and
assuming the weight of 0.5 g and a volume of 600 mm3 in the
mouse kidney, we quantified the total amount of kidney Se.
Both methods gave very similar estimations (0.3–0.5 lg of Se).
XFM provided important high-resolution information about
the distribution and identity of high Se pools in mouse tissues;
however, this approach had a limited applicability in the
mouse liver, where Se was more uniformly distributed.

It should be noted that we were able to use fixed tissue
samples embedded in paraffin for high resolution XFM im-
aging since the vast majority of Se in mammals is bound to
proteins (6). Paraffin has very low levels of trace element
contamination and, thus, sections can be directly imaged
without additional preparation (23). For some other trace el-
ements, such deep tissue processing may lead to decreased
detection and/or nonspecific signals (10).

Our study demonstrated that Se can be directly imaged and
quantified in liver and kidney. This trace element is uniformly
distributed in mouse liver, a finding that was verified by
collecting its single point spectra. Furthermore, we proved
that the liver Se pool is associated with selenoproteins (i.e.,
livers from liver-specific Sec tRNA[Ser]Sec knockout mice
maintained on a Se-deficient diet showed no detectable Se).
GPx1 is the major mammalian selenoprotein and it is ex-
pressed at a particularly high level in the liver. The uniform
distribution of Se in hepatocytes is consistent with the concept
that XFM largely detects GPx1.

Unlike liver, kidney had a highly localized Se-component
surrounding the proximal tubules. Other kidney structures,

such as glomeruli and distal tubules, only showed the uni-
formly distributed Se pattern. The specific enrichment of Se in
proximal tubules was associated with the basement mem-
branes (Fig. 1B). We also examined the phosphorus and sulfur
maps to better understand tissue morphology. To investigate
the origin of the specific Se signal in kidney, we analyzed
mouse knockout models of two selenoproteins involved in Se
metabolism. SelP, the main Se transport protein, is highly
expressed in liver (32). In kidney, SelP localized to the lumen
of proximal tubules (Fig. 4B) (21). GPx3 is another

Table 2. Quantification of Se in Kidney

of WT, GPx3 Knockout and SelP Knockout Mice

Kidney Selenium, ng/mm3

Mouse genotype Basement membrane Proximal tubule

WT control SelP + / + 7.2 – 1.1 3.5 – 0.1*
SelP - / - 6.9 – 0.4 3.1 – 0.1*
WT control GPx3 + / + 11.5 – 0.4* 3.7 – 1.0
GPx3 - / - 3.3 – 0.1* 3.1 – 0.1

Data represents means – SD. Mean content was calculated using
ROI analysis (n = 3).

*Values (control vs. knokcout) are statistically significant (P < 0.05).

FIG. 4. ICP-MS and immunohistochemical analyses of
GPx3 knockout mice. (A) ICP-MS analysis of Se in GPx3
knockout mice. Lysates from freshly frozen tissues were
normalized for protein content, digested in 15% nitric
acid, 15% hydrogen peroxide, and analyzed by ICP-MS.
50 ppb gallium was used as an internal control. Statistical
difference was validated by the unpaired Student t-test
(n = 6). Significance is indicated above the bars. (B) Im-
munohistochemical analysis of SelP and GPx3 in mouse
kidney. Upper panels: Paraffin sections were incubated with
anti-GPx3 (1:2000 dilution) and detected with Alexa-647
conjugated secondary antibodies. GPx3 is localized to the
basement membrane of proximal tubules in kidney. Lower
panels: Paraffin sections were incubated with anti-SelP
(1:1000 dilution). SelP was visualized with Alexa-488 anti-
bodies. SelP is localized to the lumen of proximal tubules.
(To see this illustration in color the reader is referred to the
web version of this article at www.liebertonline.com/ars).
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extracellular selenoprotein which is secreted primarily by
proximal tubule cells. It has been proposed that SelP is the Se
source for GPx3 expression (1); however, the Se content of
basement membranes was not altered in the kidney of SelP
knockout mice (Fig. 3A, Table 2). By contrast, the Se signal
was eliminated in GPx3 knockout mice, indicating that this Se
signal is derived from GPx3 (Fig. 3B). This protein was pre-
viously localized to tubular cells in mouse kidney (20), and we
confirmed this GPx3 localization by immunohistochemistry
(Fig. 4B). The exact source of Se for high GPx3 expression in
SelP knockout mice is not known, but it is likely that low-
molecular-weight Se compounds compensate for SelP defi-
ciency by providing Se to various organs, including kidney.
SelP knockout mice have increased amounts of Se excreted in
the urine (7). Thus, considering the amount of urine produced
each day and the total Se lost in SelP knockout mice, an al-
ternative SelP-independent pathway must supply Se for GPx3
expression.

In another model organism examined in the current study,
the naked mole rat, kidney had lower Se levels compared to
that in mice, as measured by ICP-MS (Table 1). However,
XFM of naked mole rat kidney revealed high Se levels on the
basement membrane of proximal tubules and low levels
of uniformly distributed Se within the proximal tubules
(Table 1). These data suggest that the naked mole rat is char-
acterized by low GPx1 expression, while its GPx3 expression
is fully preserved, if not increased, compared to that in mice.
This observation points to different mechanisms and Se
sources involved in GPx1 and GPx3 expression. Our ICP-MS
analysis showed that, in GPx3 knockout mice, Se was de-
creased by 20% in plasma and kidneys, but not in liver (Fig.
4A). In addition, naked mole rats had lower Se in the kidney
than mice (Table 1). These data further support the relation-
ships described above between Se levels and expression of
GPx3, GPx1, and SelP.

Materials and Methods

X-ray fluorescence microscopy

C57BL/6 mice, fed with standard rodent chow (0.4 ppm
Se), were sacrificed and their tissues dissected according to
approved protocols. Liver-specific Sec tRNA[Ser]Sec knockout
mice were fed a Se-deficient diet (0 ppm) for 3 months. Tissues
from SelP knockout mice (13) and the corresponding wild-
type tissues were kindly provided by Drs. Raymond Burk and
Kristina Hill (Vanderbilt University). GPx3 knockout mice
and Sec tRNA[Ser]Sec knockout mice (8) were maintained at the
Brigham and Women’s Hospital. All mice in the study were 8–
12-weeks old. Six-year old naked mole rats (Heterocephalus
glaber) were maintained at the University of Illinois at Chi-
cago. Freshly dissected tissues were either frozen in liquid
nitrogen and stored at - 80�C or fixed in 4% formaldehyde in
PBS for elemental imaging and immunohistochemical studies.
After fixation for 12 h in formaldehyde solution, samples were
processed in a Leica tissue processor (Leica Microsystems,
Vienna, Austria) and embedded in paraffin. Five-micron
sections from formalin-fixed, paraffin-embedded tissues were
transferred to a clean water bath, mounted on 2 · 2 mm silicon
nitride windows (Silson, Blisworth, UK), and stored at room
temperature until analysis.

Trace elements were mapped at beamline 2-ID-E at the
Advanced Photon Source (APS), Argonne National Labora-

tory (Argonne, IL) using a hard X-ray microprobe (6–30 keV).
Prior to XFM analysis, light microscopy pictures were taken
for all samples using a Leica DMXRE microscope (Leica Mi-
crosystems, Bannockburn, IL). In-house software was used to
convert positions of the microscope’s motorized stage to co-
ordinates of the XFM microprobe, allowing us to locate and
image areas of interest. Phase contrast images were also taken
for each XFM image area. Elemental imaging was performed
using 13 keV X-rays generated by an APS Sector 2 undulator.
Fresnel zone plate optics (X-radia, Concord, CA) were used to
focus X-rays to a measured spot size of 0.4 · 0.4 lm. For high
resolution images, specimens were raster-scanned with 1 lm
or 0.4 lm steps. Full X-ray fluorescence spectra were recorded
for each pixel using energy dispersive Vortex detector (SII
Nanotechnologies, Northridge, CA). Excitation at this energy
with the collection of full fluorescence spectra generated data
sets with quantitative information for elements from S
through Se in atomic number. Exposure times varied from
1.4 sec to 2 sec per pixel, depending on the intensity of the
incident beam. X-ray fluorescence spectra for each sample
were normalized and fitted to Gaussians at characteristic
emission energies for each element using MAPS software (30).
The images were quantified by fitting the sample spectra
against the signal derived from the thin film standards NBS-
1832 and NBS-1833 (National Bureau of Standards, MD),
which were collected after each set of experiments.

Morphological analysis of tissue samples

In order to evaluate tissue morphology, samples were
stained with hematoxylin and eosin (H&E) following XFM
analyses. Paraffin tissue sections mounted on the silicon ni-
tride windows were deparaffinized in xylene (Sigma, St.
Louis, MO) (3 changes, 5 min each) and rehydrated in his-
tology grade ethanol (Fisher Scientific, Hampton, NH) (100%,
95%, 70%, 3 min each). Each window was washed in water
and stained with Zymed hematoxylin (Zymed Laboratories,
Carlsbad, CA) for 10 min and developed in PBS (15 min).
Counterstaining was performed by dipping samples in alco-
hol eosin (Eosin Y) for 30 sec (Sigma). Samples were dehy-
drated in ethanol (10 min) and cleared in xylene (5 min). For
storage and imaging, samples were immersed in a glycerol-
vinyl-alcohol (GVA) mount (Zymed Laboratories). Imaging
was performed with an Olympus (Shinjuku, Japan) AX70
upright microscope using a high-resolution digital camera.

Inductively-coupled plasma mass spectrometry

Se in animal tissues was quantified using ICP-MS. All an-
alyses were performed at the University of Nebraska-Lincoln
spectroscopy core facility equipped with Agilent Technolo-
gies ICP-MS 7500cx series (Agilent Technologies, Santa Clara,
CA) and SC autosampler (Elemental Scientific, Omaha, NE).
Tissues were homogenized and sonicated in PBS containing
Complete Protease Inhibitor Cocktail (Roche, Basel, Switzer-
land). Total protein content was measured in lysates using the
Bradford Protein Assay (Bio-Rad, Hercules, CA) for sample
normalization. Samples were digested in 20% nitric acid, 15%
hydrogen peroxide for 2 h at 70�C. Fifty ppb gallium was
added as an internal standard. Prior to ICP-MS analysis,
samples were diluted 10 times and stored at - 80�C. In ad-
dition, before analysis of each series of samples, the ICP-MS
instrument was calibrated using custom elemental standards
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covering the range of concentrations in the samples. Each
sample was analyzed 3 times (0.3 ms each time) and in trip-
licate. The analysis used a collision cell filled with 3.5 mL/min
of H2 and 1.5 mL/min of He with an Ar carrier flow of
0.9 L/min and Ar make-up flow of 0.15 L/min, and RF power
of 1500 W.

Immunohistochemistry of tissue samples

Five-micron sections from formalin-fixed, paraffin-em-
bedded mouse kidney were deparaffinized in xylene followed
by rehydration in a series of ethanol washes followed by
water. Antigen retrieval was performed for 1 min in a de-
cloaking chamber in Tris-EDTA buffer (10 mM Tris Base,
1 mM EDTA, 0.05% Tween 20, pH 9.0) at 124�C. Samples were
blocked with TBST (20 mM Tris$HCl, pH 8.0, 150 mM sodium
chloride, 0.025% Triton X100) containing 1% BSA and 10%
goat serum. Sections were incubated with anti-SelP (1:1000
dilution) and anti-GPx3 (1:2000 dilution) antibodies (Abcam,
Cambridge, MA). Control sections were incubated with non-
immune IgG. Sections were next washed in TBST and incu-
bated with secondary antibodies Alexa-488 and Alexa-647
(Invitrogen, Carlsbad, CA). 4’,6-Diamidino-2-phenylindole
(DAPI) was added to the secondary antibody solution to stain
DNA. Slides were washed in TBS and mounted with glycerol-
based FluorMount (Thermo, Pittsburgh, PA). Slides were
imaged using a Zeiss Observer Z1 inverted confocal micro-
scope (Carl Zeiss, Jena, Germany) using a 40x objective.
Images were processed and prepared using Zeiss ZEN
software.
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