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A B S T R A C T   

Nutritional pancreatic atrophy (NPA) is a classical Se/vitamin E deficiency disease of chicks. To reveal molecular 
mechanisms of its pathogenesis, we fed day-old chicks a practical, low-Se diet (14 μg Se/kg), and replicated the 
typical symptoms of NPA including vesiculated mitochondria, cytoplasmic vacuoles, and hyaline bodies in acinar 
cells of chicks as early as day 18. Target pathway analyses illustrated a > 90% depletion (P < 0.05) of glutathione 
peroxidase 4 (GPX4) protein and up-regulated apoptotic signaling (cytochrome C/caspase 9/caspase 3) in the 
pancreas and(or) acinar cells of Se deficient chicks compared with Se-adequate chicks. Subsequently, we over-
expressed and suppressed GPX4 expression in the pancreatic acinar cells and observed an inverse (P < 0.05) 
relationship between the GPX4 production and apoptotic signaling and cell death. Applying pull down and mass 
spectrometry, we unveiled that GPX4 bound prothymosin alpha (ProTalpha) to inhibit formation of apoptosome 
in the pancreatic acinar cells. Destroying this novel protein-protein interaction by silencing either gene 
expression accelerated H2O2-induced apoptosis in the cells. In the end, we applied GPX4 shRNA to silence GPX4 
expression in chick embryo and confirmed the physiological relevance of the GPX4 role and mechanism shown ex 
vivo and in the acinar cells. Altogether, our results indicated that GPX4 depletion in Se-deficient chicks acted as a 
major contributor to their development of NPA due to the lost binding of GPX4 to ProTalpha and its subsequent 
inhibition on the cytochrome c/caspase 9/caspase 3 cascade in the acinar cells. Our findings not only provide a 
novel molecular mechanism for explaining pathogenesis of NPA but also reveal a completely new cellular 
pathway in regulating apoptosis by selenoproteins.   

1. Introduction 

Nutritional pancreatic atrophy (NPA) was first reported by Thomp-
son and Scott as a classical selenium (Se)/vitamin E (Vit. E) deficiency 
disease in chicks [1]. Histologically, the atrophy starts with an intra-
cellular vacuolation and hyaline body formation, followed by a loss of 
acinar zonation in the pancreas [2]. Many attempts [2,3] were made to 
elucidate the pathogenesis mechanism of NPA. However, the only 
consensus from those attempts was that Se acted as the primary nutritive 
factor, whereas Vit. E was only partially effective or not at all in pre-
venting this type of disorders [4-6]. It has remained largely unknown if 
the role of Se is mediated directly by one or several of the 25 

selenoproteints identified in chickens [7-9] and(or) indirectly by regu-
lating expression and function of Se-independent proteins [10,11]. 
Digital gene expression (DGE) analyses can now be used to help provide 
a clue to address this question [12]. 

Previous work [13] indicated that the yield of mitochondria from 
Se-deficient pancreases was only 72% of that of Se-adequate controls. 
Whitacre and Combs [14] found that early-stage Se deficiency led to 
marked decreases in synthesis of RNA and protein in the pancreas. 
Subsequently, they suggested that the primary lesion in severe Se defi-
ciency might be induced by the loss of mitochondrial integrity due to a 
diminished antioxidant protection via glutathione peroxidase (GPX) in 
cytosol and mitochondria1 matrix space [15]. However, others [16] 
showed that mitochondrial degeneration did not appear to be the initial 
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lesion in NPA of Se-deficient chicks. Thus, it remains unclear if and how 
dietary Se deficiency impairs mitochondrial integrity to cause NPA in 
chicks. 

GPX4 can reduce phospholipid hydroperoxides and act in conjunc-
tion with Vit. E to inhibit lipid peroxidation [17,18]. This monomeric 
selenoperoxidase is not only vital for development, but also indispens-
able for many cell types of adult animals [19]. The cardio-respiratory 
failure and perinatal death caused by missense mutation in selenocys-
teine synthase in mice can be compensated by Se-independent GPX4 
[20]. Recently, GPX4 has been identified as a central regulator of fer-
roptosis [21]. In addition, GPX4 mediates the suppression of pyroptosis 
and ferroptosis in acute pancreatitis [22]. Although GPX4 is often lowly 
expressed and is resistant to Se deficiency in mammalian tissues [23], it 
is abundantly expressed in chicken tissues and readily affected by Se 
deficiency [24-26]. Because of its unique expression pattern in chickens 
and its potent role in cell death [27-29], GPX4 might serve as a key 
selenoprotein involved in the pathogenesis of NPA. 

While GPX4 has been shown to protect against oxidative stress- 
induced cell death including apoptosis [19,28,30], the molecular 
linker for mediating this protection remains unknown. Prothymosin 
alpha (ProTalpha) is an acidic protein with a rare amino acid compo-
sition and serves as a key regulator at the gate-point of apoptotic 
signaling [31]. Specifically, ProTalpha can bind cytochrome c (CYTC) 
and then inhibit the assembly of apoptosome formed by CYTC, activated 
apoptotic protease activating factor 1 (Apaf-1) [32], and procaspase-9 
(pro-CASP 9) in the presence of dATP [33], and block the activation 
of caspase-3(CASP 3) [34]. Apparently, the ability of ProTalpha to bind 
CYTC [35] renders it as a primary target in the search for modulators of 
cell death [36-39]. However, it remain unknown if GPX4 interacts with 
ProTalpha to protect against apoptosis in NPA. 

Therefore, we performed a series of experiments using hatching 
chicks and primary pancreatic acinar cells to determine: 1) if the clas-
sical Se deficiency disease NPA could be replicated in modern chickens 
by feeding a practical, low-Se corn-soy diet; 2) how the onset of NPA was 
correlated with the global expression of selenogenome and Se- 
independent genes related to cell death and tissue lesions; and 3) if 
and how GPX4 played a central role in apoptosis associated with NPA. In 
the end, we applied subgerminal cavity injection of a shRNA-expressing 
lentivirus to silence GPX4 expression in chick embryo for testing its in 
vivo function. 

2. Materials and methods 

2.1. Animal, diet, and experimental design 

All animal experiments were performed according to guidelines 
provided by the Animal Welfare Act and Animal Welfare Ordinance. Our 
animal protocol was approved by the Animal Care and Use Committee of 

China Agriculture University (Beijing, China; Registration number: 
SYDW202001; allowed experimental animal number = 240). Day-old 
male broiler chicks (4 groups, n = 60/group; 5 replicates of 12 chicks/ 
cage) were selected from DafaZhengda Poultry (Beijing, China). The 
basal diet (BD; 14 μg Se/kg; Supplementary Table 1) was composed of 
corn and soybean produced in the Se-deficient area of Sichuan, China, 
and was not supplemented with Se or Vit. E (–Se–Vit. E). Other three 
experimental diets were supplemented with rac-α-tocopheryl acetate at 
50 mg/kg (–Se + Vit. E), Se (as sodium selenite) at 0.3 mg/kg (+Se–Vit. 
E), or both (+Se + Vit. E). The feeding trial lasted for 4 wk. Animal care 
and growth performance data collection were the same as described 
previously [24,40]. Incidences of NPA, based on the gross symptoms, 
were checked and recorded thrice daily. 

2.2. Tissue sample collection, preparation, and biochemical analyses 

On days 7, 14, 18, 21, and 28 of the study, blood and pancreas were 
collected from individual chicks (n = 8/group) as previously described 
[24]. After pancreas was immediately dissected on an ice-cold surface to 
measure weights and lengths, the tissue was washed with ice-cold 
isotonic saline. After a small fraction was taken for histology (day 21, 
see below), the rest of pancreas was minced, divided into aliquots, 
snap-frozen in liquid nitrogen, and stored at –80◦C until use. Tissue 
concentrations of malondialdehyde, protein, and Se, total activities of 
GPX, catalase, and superoxide dismutase, and total antioxidant capacity 
were determined as previously described [41-43]. 

2.3. Histology, immunohistochemistry, and electron microscope 

Morphology of pancreas: To preserve tissue morphology and retain the 
antigenicity of the target molecules, pancreas samples of chicks (n = 5/ 
group) on day 21 were first perfused with formaldehyde fixative solu-
tion. Histologic changes were examined by two certified veterinary 
pathologists independently after the fixed pancreas were embedded in 
paraffin, sectioned at 6 mm, and stained with hematoxylin and eosin. 
Images were taken with a Zeiss AxioVert A1 inverted microscope (Carl 
Zeiss, Jena, Germany) [24]. 

Ultrastructural examination: For electron microscopy, pancreas tissue 
specimens were fixed with 2.5% glutaraldehyde in 0.1 M sodium 
phosphate buffer (pH 7.2) for 3 h, washed in the same buffer for 1 h, and 
post fixed with 1% osmium tetroxide in sodium phosphate buffer for 1 h 
(all steps at 4◦C). The tissues were then dehydrated in graded series of 
ethanol, starting at 50% with each step for 10 min after two changes in 
propylene oxide. The tissue specimens were embedded in araldite. Ul-
trathin sections were stained with Mg-uranyl acetate and lead citrate for 
transmission electron microscope (Hitachi-7650, Tokyo, Japan) 
evaluation. 

Apoptosis assay: The TUNEL test was performed using an apoptosis 
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detection kit (Roche, Basel, Switzerland) according to the manufac-
turer’s protocol. On each slide, apoptotic cells were counted from at 
least five different fields using the Image-proplus software (version 6.0 
for windows, Media Cybernetics, Silver Spring, MD, USA) with the aid of 
a microscope (Carl Zeiss) at 400 × magnification. 

Immunohistochemistry: Formalin-fixed, paraffin-embedded samples 
were cut at a thickness of 5 μm. Each tissue section was deparaffinized 
and rehydrated with graded ethanol concentrations. For antigen 
retrieval, slides were boiled in EDTA (1 mM, pH 8.0) for 15 min in a 
microwave oven. Endogenous peroxidase activity was blocked with 
0.3% hydrogen peroxide for 10 min at room temperature. After rinsing 
with PBS, slides were incubated overnight at 4◦C with a polyclonal 
antibody against GPX4 (1:100 dilution). The antigen-antibody binding 
was detected with an Envision Detection Kit, Peroxidase/DAB, Rabbit/ 
Mouse (Gene Tech, Shanghai, China). Sections were counter stained 
with hematoxylin. For negative control, isotype-matched primary anti-
body replaced the anti-GPX4 antibody followed by the same secondary 
antibody used in the other sections. Positive areas stained with GPX4 
were examined in all specimens using a microscope (Carl Zeiss). The 
anti-GPX4 (Santa Cruz Biotech, Santa Cruz, CA, USA) antibody was used 
for the immunohistochemical examination, and the secondary antibody 
was obtained from the ZSGB-Biotechnology (Beijing, China). Images 
were taken with a Zeiss AxioVert A1 inverted microscope (Carl Zeiss) 
[24]. The intensity of the dye color was graded as 0 (no color), 1 (light 
yellow), 2 (light brown), or 3 (brown), and the number of positive cells 
were graded as 0 (<5%), 1 (5-25%), 2 (25-50%), 3 (51-75%), or 4 
(>75%). The two grades were added together and specimens were 
assigned to one of 4 levels: 0–1 score (− ), 2 scores (+), 3–4 scores (++), 
more than 5 scores (+++). The positive expression rate was expressed as 
the percentage of the addition of (++) and (+++) to the total number. 

2.4. Isolation, culture, and viability assay of pancreatic acinar cells 

Pancreas was collected from male broiler poults (DafaZhengda 
Poultry Co., Ltd.) at 2 weeks of age and was digested with 1 mg/mL 
collagenase V (Sigma C-9263) for three sequential 5-min periods (with 
fresh collagenase each time) in shaking water bath (120 cycles/min, 
37◦C). The digested tissue was then gently pipetted, filtered through a 
nylon mesh (150 mesh), and centrifuged in buffer containing 4% bovine 
serum albumin and washed three times. Cells were then harvested and 
cultured on a sticky culture dish (Corning, Corning, NY, USA) in F-12K 
Nutrient Mixture (1 × ) medium (21127-022, Gibco, Gaithersburg, MD, 
USA) supplemented with 10% of fetal bovine serum (FBS, Gibco). The 
cells were cultured in the medium to allow attachment of fibroblasts to 
the culture dish. After 6-8 h of culture, floating cells were collected and 
re-plated on conventional culture dishes (Corning) in F-12K Nutrient 
Mixture (1 × ) medium supplemented with 20% FBS. The standard 
buffer in this work had the following composition (in mM): 118 NaCl, 
4.7 KCl, 2.5 CaCl2, 1.13 MgCl2, 1.0 NaH2PO4, 5.5 D-glucose, 10 HEPES, 
2.0 L-glutamine, and 2 g/L bovine serum albumin, 2% minimum 
essential medium amino acids mixture (Gibco), 0.1 g/L soybean trypsin 
inhibitor, pH adjusted to 7.4 with 4 M NaOH. The cell viability was 
determined using the Cell Titer-Glo luminescent cell viability assay kit 
(Promega, Madison, WI, USA), according to the kit instructions. 

2.5. Gene expression and protein production analyses 

Digital gene expression (DGE): Sequence tag preparation was per-
formed with DGE Tag Profile Kit (Illumina, San Diego, California, USA), 
according to the manufacturer’s instructions. Briefly, 1 μg of total RNA 
per sample (pancreases of 18-day old chicks, 4 groups, and each group 
pooled from 5 individual chicks) was incubated with oligo-dT beads to 
capture the polyadenlyated RNA fraction. The samples were sequenced 
according to the manufacturer’s instructions at the gene pool. Image 
analysis and base-calling were performed using the illumine pipeline, 
where sequence tags were obtained after quality filtering. All tags were 

mapped to the in silico generated transcriptome of chicken (the most 
closely related, fully annotated genome available for the chicken). We 
used Hisat2 (v2.1.0) to align the tags to the chicken genome [44] and 
FeatureCounts (v1.6) to count the number of reads mapped to each gene 
[45]. Based on the transcriptome results obtained, we applied DESeq2 
(1.32.0) to perform the DGE analysis using a P-value <0.05 and 
fold-change >2 [46]. Short tags generated by end nucleases from the 3ʼ 
ends of genes (the copy number of each tag indicates the expression level 
of the corresponding gene) were sequenced by the DGE analysis [46]. 
These analyses were performed to investigate the metabolism-related 
genes that were differentially expressed under the Se deficiency 
compared with Se adequacy in chicks. To take a more contextual view of 
the functions of these differentially expressed genes, we explored 
enrichment analyses of those genes into involved molecular mecha-
nisms. The Gene Ontology (GO) database and the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database were used to analyze the GO and 
pathway enrichment annotations, respectively. The results were defined 
as significant if the GO terms or pathways had a P value < 0.05 and a 
FDR <0.05 [47]. 

Quantitative RT-PCR: Total RNA was isolated from pancreas tissue 
and pancreatic acinar cells using Tri-reagent (Invitrogen) and then pu-
rified using QiagenRNAEasy Mini Kit according to the manufacturer’s 
instructions. For qRT-PCR analysis, cDNA was synthesized from 1.0 μg 
of RNA by using a cDNA synthesis kit (Invitrogen). Real time PCR was 
done in a 25 μL of reaction using SYBR Green Master Mix (Applied 
Biosystems, Foster City, CA, USA), chicken specific oligo nucleotides 
(Supplementary Table 2), and Step One Plus Real-Time PCR System 
(Applied Biosystems). Relative fold differences between an experimental 
and calibrator sample were calculated by using comparative Ct (2− ΔΔCt) 
method. β-actin (ACTB) and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) were used as the reference genes [48]. 

Western blot: Tissues and cells were homogenized with the cell lysis 
buffers for Western and(or) immune-precipitation (Catalog no. P0013, 
Beyotime Institute of Biotechnology, Beijing, China) and centrifuged at 
12,000 g for 10 min at 4◦C. The resulting supernatants of homogenates 
(10–40 μg protein/lane) were loaded onto a sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE, 12.5%), transferred to 
polyvinylidene difluoride membranes, and incubated with appropriate 
antibodies (Supplementary Table 3) as described previously [49]. The 
signal of the protein bands was detected using a chemiluminescence 
analysis system (Amersham Imager 600, Amersham Biosciences, Pis-
cataway, NJ, USA). 

2.6. siRNA preparation and transfection 

The siRNA corresponding to the GPX4 gene was designed and syn-
thesized by Shanghai Biolino Acid Technology Co., Ltd. The sequences 
(siGPX4-1: sense 5′-GGUGCUUCGUCUGAAUCAU-3′, anti-sense 5′- 
AUGAUUCAGACGAAGCACC-3’; siGPX4-2: sense 5′-GCGCAGAU-
CAAAGCCUUUG-3′, anti-sense 5′-CAAAGGCUUUGAUCUGCGC-3′) were 
as the GPX4 siRNA sequences. A random siRNA sequence (sense 5′- 
CGGUCGUGGACACCGACGCCCUAAA-3’; anti-sense 5’ -UUUAGGGC-
GUCGGUGUCCACGACCG-3′) was used as a negative control and had no 
homology with any genes. Pancreatic acinar cells were seeded into six- 
well plates at 70-80% confluence and transfected with 3 μL of 20 μM 
siGPX4-1 and siGPX4-2 and 3μL of Lipofect AMINE 2000 transfection 
reagent (Invitrogen) in 2 mL of Opti-MEM (Invitrogen), following the 
manufacturer’s instructions. The pancreatic acinar cells were trans-
fected with siRNA using Lipofect AMINE 2000 for 12 h, 24 h, 48 h, and 
72 h for the GPX4 mRNA analysis, respectively. After transfection for 42 
h, the cells were treated with 50 μM or 100 μM H2O2 in differentiation 
medium for 6 h, and then were harvested for analysis. 

2.7. Cloning and expression of chicken GPX4 

Total RNA was extracted from chicken pancreas samples (50 mg) 
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using Trizol reagent (Invitrogen). The first strand cDNA was synthesized 
using oligo dT primers and superscript II reverse transcriptase (Invi-
trogen), according to the manufacturer’s instructions. Unless stated 
otherwise, the resulting cDNA pool was used directly for PCR amplifi-
cation. Using the chicken sequence from GenBank (accession no. 
XM_003642871.2), primers were designed to amplify chicken GPX4 
(sense 5′- TCTAAGCTT CGGAGAATGTGCGCTCA -3’; anti-sense 5′- 
CGGAATTCGACAGCAGATACTACATTAGGGC-3′). The PCR amplifica-
tions were performed using Taq DNA polymerase (Fermentas), and the 
PCR product was separated on a 1% agarose gel. The amplified DNA 
fragments were then purified from the agarose gels and subcloned into 
the pMD-18T (TaKaRa, Dalian, China) plasmid vector. The DNA frag-
ment that contained the cDNA was released from the modified pMD-18T 
plasmid by digestion with EcoRI and Hind III and was then sub-cloned 
into the mammalian expression vector pcDNA3.1(+) (Invitrogen), 
yielding pcDNA3.1/GPX4. The fragment insert was then sequenced 
(Huada, Beijing, China). Fragments containing the predicted GPX4 
binding (restriction) sites were amplified by PCR using primers: sense5′- 
GCAAGCTTCGATGTGCGCTCAGGCGGACGA-3’; anti-sense5′- ATGG-
TACCCAGGTAGGCGGGCAGATCCT-3’. The amplified fragment was 
cloned downstream of EGFP CDS (coding sequence) with stop codons in 
pcDNA3.1(+)/EGFP at the Hind III and KpnI sites. And the resultant 
constructs were named pcDNA3.1/GPX4-EGFP. 

Transfections were performed using the Entranster-H DNA trans-
fection reagent (Engreen, Beijing, China), following the manufacturer’s 
instructions. A 3 μg of pcDNA3.1/GPX4-EGFP that encoded chicken 
GPX4 was added to 200 μL of Opti-MEM (Invitrogen) before mixing with 
3 μL of Entranster-H DNA transfection reagent. The plasmid DNA/ 
Entranster-H mixture was incubated at room temperature for 25 min 
and then added into each well of the 6-well plates. After transfection for 
48 h, the cells were treated with 50 μM H2O2 in the differentiation 
medium for 6 h and then harvested for analysis. 

2.8. Co-immunoprecipitation and confocal microscopy 

Screening for the GPX4 interacting proteins: To identify candidate 
proteins interacting with GPX4, we performed GST pull-down and mass 
spectrometric (MS) screening. GST-GPX4 (TGA was mutated to TCA) 
protein was produced by inserting the GPX4 gene into an expression 
vector pET28a (Novagen, Madison, WI, USA) and expressing the plasmid 
in E. coli (BL21). The expressed protein was purified using the GST-tag 
(GE Healthcare, Piscataway, NJ, USA), immobilized on glutathione 
sepharose beads (GE Healthcare), and incubated with homogenate of 
chicken pancreatic acinar cells (chick, 2-wk old) for 12 h. The binding 
complex was pulled down by centrifugation, eluted, and subjected to 
mass spectrometry (MS). Peptide mass information was obtained using 
matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF/ 
TOF) MS (Autoflex II, Bruker Daltonik, Bremen, Germany). Proteins 
were identified using MASCOT software (Matrix Science, Boston, MA, 
USA) and the NCBI data base for chicken proteome to search for peptide 
mass finger printing and peptide sequence tagging. Candidates with 
more than 2 matched peptides were selected for subsequent tests [48]. 

Co-immunoprecipitation: To determine if candidate proteins selected 
above actually bound GPX4, we performed co-immunoprecipitation 
experiments. Supernatants from pancreatic acinar cell or pancreas ly-
sates (70 μg of protein) were incubated with 1 μg of the anti-GPX4 
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 h at 
4◦C with agitation. Thereafter, the protein-antibody complex was 
precipitated by centrifugation at 15,000×g for 2 min and washed four 
times with RIPA buffer and once with 50 mM Tris-HCl (pH 7.5). The 
collected beads were used for SDS-PAGE analysis and immunoblotting 
as described previously [48]. To determine if ProTalpha bound GPX4 in 
pancreas and if the binding was affected by dietary Se deficiency, we 
homogenized pancreas from chicks fed the –Se + Vit. E and +Se + Vit. E 
diet (18-day old) in lysis buffer. Then, 200 μL of the lysates (70 μg 
protein) were mixed with 1 μg of anti-GPX4 antibody (Santa Cruz). After 

the pull down by dynabeads Protein G, the collected beads were used for 
SDS-PAGE analysis and immunoblotting against the anti-ProTalpha 
antibody (Santa Cruz). 

Confocal microscopy: To determine if GPX4 co-localized or bound 
ProTalpha in pancreatic aciner cells, we labeled anti-ProTalpha anti-
body with a fluorescent dye DyLight™ 594 with a 1:5 (mol/mol) molar 
excess according to the manufacturer’s instruction. The DyLight™ 594- 
labeled ProTalpha antibody (DyLight™ 594- ProTalpha) was then pu-
rified through a fluorescent dye removal column (Pierce, Rockford, IL, 
USA). The DyLight™ 594-ProTalpha antibody was added to the cultured 
GPX4-enhanced green fluorescent protein (EGFP) overexpressing acinar 
cells at a final concentration of 100 mg/mL. After 48 h of trasnfection, 
the cells were fixed in 4% paraformaldehyde. The GPX4-EGFP over-
expressing acinar cell nucleus were labeled with 4 mg/mL Hoechst 
33258. Fluorescent images were captured using a Zeiss LSM 710 
confocal laser scanning microscope (Carl Zeiss) with a Plan-Apochromat 
× 63/1.40 M27 glycerol immersion objective. The same gain, pin hole, 
and laser power settings were employed for imaging each treatment to 
achieve comparative results. The laser lines at 405 nm, 594 nm, and 488 
nm were used for excitation of Hoechst 33258, DyLight™ 594, and 
EGFP, respectively. The emission wave length range for each dye was 
selected according to the ZEN 2009 SP1 software (Carl Zeiss) and cor-
responding single optical sections were collected using an image format 
of 1024 × 1024 pixels. 

2.9. Biochemical impacts of GPX4 and ProTalpha interaction in acinar 
cells 

Altering GPX4 expression on the binding of GPX4 and ProTalpha: To 
determine how GPX4 overexpression or silence affected protein pro-
duction of ProTalpha and its binding to GPX4 in pancreatic acinar cells, 
we transfected the cells with control, GPX4 (OE), or the siGPX4 con-
structs, respectively. After 48 h transfection, cells (2 x 106) were har-
vested and lysed to obtain 200 μL aliquots of lysates (70 μg of protein) 
that were incubated with 1 μg of anti-ProTalpha antibody (Santa Cruz) 
for 2 h at 4 ◦C with agitation. After pulling down by dynabeads Protein 
G, the collected beads were used for SDS-PAGE analysis and immuno-
blotting against anti-GPX4 or anti-ProTalpha antibody (Santa Cruz). 

Silencing ProTalpha on cell viability: To test if silencing ProTalpha led 
the gene deficiency and thereby induced apoptosis, we selected two 
regions of siRNA (siProTalpha-1 and siProTalpha-2) targeting to knock 
down the expression of ProTalpha in the pancreatic acinar cells of chicks. 
After 12 h, 24 h, 48 h, and 72 h transfections with control, negative 
ccontrol (Nc), siProTalpha-1, and siProTalpha-2, respectively, cells (2 x 
106) were harvested for detecting mRNA and protein (48 h) levels of 
ProTalpha. Subsequently, we transfected the cells with siProTalpha-2 to 
determine effects of ProTalpha deficiency on cell viability. After 42 h of 
transfection, the cells (1.3 x 105) were treated with 50 μM or 100 μM 
H2O2 in differentiation medium for 6 h, and harvested for cell viability 
detection (Cell Titer-Glo luminescent cell viability assay kit, Promega). 

Silencing ProTalpha on apoptotic signaling and cell death: To determine 
the ProTalpha deficiency activated apoptotic signaling, we transfected 
the pancreatic acinar cells with siProTalpha-2 for 42 h as described 
above. The transfected cells (2 x 106) were treated with 50 μM H2O2 in 
differentiation medium for 6 h, and then were harvested for Western 
blot analyses of ProTalpha, CYTC, pro-CASP 9, cleaved-CASP 9, pro- 
CASP 9, and cleaved-CASP 9. To determine the role and interaction of 
GPX4 and ProTalpha on cell apoptosis, we transfected the cells with 
siGPX4, siProTalpha-2, or both. After 42 h of transfection, cells (1.3 x 
105) were treated with 0 μM or 50 μM H2O2 in differentiation medium 
for 6 h and then were harvested for cell apoptosis detection (Catalog no. 
C1065S, Beyotime). 
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2.10. Impacts of subgerminal cavity microinjection of lentiviral GPX4 
vector 

Construct preparation and subgerminal cavity injection: To determine 
the role of GPX4 in the embryonic development of chicks, we con-
structed short-hairpin RNA (shRNA) of GPX4 vectors using the pLL3.7 
lentivirus-based vector that efficiently expresses shRNAs under the 
control of the U6 promoter with downstream HpaI and XhoI restriction 
sites (Supplemental Fig. 1A). The GPX4 shRNA sequence(5′-ATCGT-
TAACGGTGCTTCGTCTGAATCATCG AAATGATTCAGACGAAGCACCTT 
TTCTCGAGCAT-3′) and GPX1 shRNA sequence (5’-ATCGTTAA-
CACGGCTTCACCCAACTTCACGAATGAAGTTGGGT-
GAAGCCGTTTTTCT CGAGCAT-3′) were designed, synthesized by the 
Sangon Biotech Co. (Beijing, China), and subcloned into the pLL3.7 
vector. The recombinant vector sequence was confirmed by PCR, re-
striction enzyme digestion, and sequence analysis, and the resulting 
plasmids were named pLL3.7-GPX4-shRNA and pLL3.7-GPX1-shRNA, 
respectively. Plasmids used for transfection were purified using the 
Endofree Plasmid Maxi kit (Qiagen, Hilden, Germany). Lentiviral pro-
duction was performed by Sangon Biotech Co. (Beijing, China). Briefly, 
293FT cells were plated on 60 mm dishes and transfected with the 
pLL3.7-GPX4-shRNA or pLL3.7-GPX1-shRNAand packaging vectors, 
including pMDLg/pRRE, pRSV-Rev and pMD2.G. The resulting superna-
tant was collected and passed through a 0.22 μm filter after 48 h. Virus 
particles were concentrated via ultracentrifugation for 90 min at 25,000 
g. The virus was re-suspended in PBS for 4 h and then stored at –80 ◦C. 
Cultures of 293FT cells were infected with serial dilutions of concen-
trated lentivirus to determine viral titres. The ratio of total cells to cells 
expressing EGFP was determined at 72 h after infection via microscopy. 

A total of 6 x103 chicken embryonic stem (chES) cells derived from 
the area pellucida of the stage x chicken blastoderm were infected with 
1 μL of the lentiviral vector. In subgerminal cavity injection groups, 
freshly laid, sterilized eggs were positioned horizontally for 4–6 h. A 
window (3 × 3 mm2) in the shell was opened using a dental drill and 
tweezers. One microliter (1 × 109 TU/mL) of pLL3.7-GPX4-shRNA, 
pLL3.7-GPX1-shRNA or control of recombinant vectors was injected into 
the subgerminal cavity of the blastoderm of stage X blastodermal em-
bryos (Supplemental Fig. 1). The window was then sealed with Paraf-
ilm® and the eggs incubated until hatching. Eggs injected with the 
empty vector were used as controls. 

Metabolic impacts of shGPX4 in chicken embryo: To determine the 
silence of GPX4 expression and its biochemical and metabolic impacts, 
we collected fresh embryos on day 8 to determine EGFP expression using 
a fluorescenece microscope (Carl Zeiss) and embryonic pancreas sam-
ples on day 18 for histological and anatomical measures. Relative mRNA 
and(or) protein levels of GPX4 and apoptotic signal proteins (ProTalpha, 
CYTC, pro-CASP 9, cleaved-CASP 9, pro-CASP 9, and cleaved-CASP 9) 
were also detected in the day 18 embryonic pancreas. Hatching rates of 
eggs transfected with shGPX4 and shGPX1 were compared with those 
transfected with the vector only. 

2.11. Data analysis 

Data from the four groups of the animal experiment were analyzed as 
2 × 2 factorial arrangement of treatments using two-way ANOVA. The 
rest of data were analyzed by one-way ANOVA or Student t-test. Means 
were compared by Tukey honestly significant difference test. Data were 
presented as mean ± SE, and significance level was set at P < 0.05. All 
data were analyzed using SPSS for Windows (version 13; SPSS Inc, 
Chicago, IL, USA). 

3. Results 

3.1. Chicks fed low-Se diets developed classical symptoms of NPA 

Chicks fed the two Se-deficient diets developed NPA, along with poor 

growth, poor feathering, and mortality as early as on day 18 (Fig. 1A). 
By day 21, NPA was diagnosed in 15 chicks in the –Se–Vit. E group and 2 
chicks in the –Se + Vit. E group. In contrast, no single incidence of NPA 
appeared in those fed the +Se diets throughout. Compared with the +Se 
chicks, the -Se chicks had much smaller pancreas (Fig. 1B), with 27-42% 
decreases in weight (Fig. 1C), 4-18% decreases in length (Fig. 1D), and 
6-15% decreases in pancreas organ index (Fig, 1E) on days 18–28, 
respectively. Compared with the –Vit. E chicks, the +Vit. E chicks had 
pancreas that was 14% higher in weight (Fig. 1C) and 6% increase in 
length (Fig. 1D) on day 28, respectively. By day 18, chicks fed the –Se 
diet showed histological signs of pancreatic atrophy: pronounced 
intracellular vacuolation and hyaline body formation (Fig. 1F).Trans-
mission electron microscopy of severely disrupted acinar mitochondria 
in those chicks revealed crest broken and vesiculated mitochondria 
(Fig. 1G). Compared with the +Se chicks, the –Se chicks had lower (P <
0.05) concentrations of pancreatic Se (40-52%), activities of pancreatic 
GPX (45-62%), catalase (12-75%), and superoxide dismutase (22%), and 
total antioxidant capacity (53%), but higher pancreatic malondialde-
hyde contents (1.3-3.2 fold) at various time-points (Table 1). 

3.2. Gene expressions of Se metabolism and apoptotic pathway were 
altered in chicks with NPA 

Dietary Se deficiency increased and decreased the expression of 360 
and 524 unigenes, respectively, in the pancreas of chicks on day 18. The 
GO enrichment analysis outcomes are presented in Fig. 2A. Of the 884 
differentially expressed unigenes, 530 were annotated and 65 were 
classified into metabolism pathways. KEGG analysis indicated that these 
genes were significantly enriched in the functions of selenocompound 
metabolism, apoptotic pathways, focal adhesion, glutathione meta-
bolism, ECM-receptor interaction, and one carbon pool by folate 
(Fig. 2B). Expression changes of specific genes related to those functions 
among the four dietary treatment groups are listed in Fig. 2C. Compared 
with the +Se diets, the –Se diets decreased expression of 15 selenopro-
tein genes and glutathione metabolism-related genes (GR, GSTP1, and 
GSS), but up-regulated expression of apoptosis-related genes (AIF, Apaf- 
1, BAX, CASP 3, CASP 9, and CYTC), FAK-related genes (Cav 5, FAK, p38, 
PDX1, PI3K, andPxna), ECM-receptor related genes (Cd44, Col 5, 
LAMB1, and THBS), and one carbon pool/folate-related genes (MTHFD1 
and TYMS). The quality of the DGE analyses was checked by Q-PCR 
analysis of four key genes (GPX1, GPX4, CYTC, and CASP 3) selected 
from the identified pathways (Supplemental Fig. 2). 

3.3. GPX4 protein was depleted in the pancreas of chicks with NPA 

Expression of 11 of the 24 selenoproteingenesin pancreas (Fig. 3A–K) 
was down-regulated (P < 0.05) by dietary Se deficiency at most point 
times. Meanwhile, mRNA levels of SELENOT (Fig. 3L) in pancreas were 
up-regulated on days 14 and 28 and down-regulated (P < 0.05) on day 
18 by dietary Se deficiency. However, mRNA levels of SELENOO 
(Fig. 3M) in pancreas were up-regulated (P < 0.05) by dietary Se defi-
ciency at the three point times. Chicks fed the + Vit. E diets had 24% and 
34-75% lower pancreas mRNA levels of SELENOK and TXNRD1 (Fig. 3N, 
O) than those fed the –Vit. E diets at the two levels of dietary Se con-
centrations, respectively. Meanwhile, pancreas mRNA levels of GPX2, 
SELENOI, SELENOPB, SELENOS, TXNRD2, TXNRD3, DIO1, DIO2 or DIO3 
were not affected by dietary Se or Vit. E (Supplemental Table 4). 

Compared with chicks fed the + Se diets, chicks fed the –Se diets had 
greater abundance (P < 0.05) of the short-form SELENOP, but lower 
abundance (P < 0.05) of the long-form SELENOP, GPX1, GPX4, SELE-
NOF, SELENON, SELENOU, or SELENOW in the pancreas on days 14, 18, 
and 28 (Fig. 4A). Notably, pancreas GPX4 protein levels were decreased 
by 90–98% in chicks fed the –Se diets than those fed the +Se diets. While 
a strong positive immunohistochemical staining of GPX4 was seen in the 
cytoplasm and nuclei of pancreas of the +Se chicks, negligible staining 
occurred in that of –Se chicks on day 21(Fig. 4B). The relative staining 
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density was 83% to 94% in chicks fed the +Se diets and only 10% in 
those fed the –Se diet (P < 0.05). Vit. E supplementation decreased (P <
0.05) GPX4 staining in the pancreas of +Se chicks. 

Whereas chicks fed the +Se diets had only 4%–5% TUNEL-positive or 
apoptotic cells in the pancreas, that rate reached 47% (P < 0.05) in those 
fed the –Se diets (Fig. 4D). Meanwhile, the –Se chicks had elevated 
amounts of (P < 0.05) CYTC (3.1 to 8.3-fold), cleaved-CASP 9 (6.3 to 7.8 
fold), and cleaved-CASP 3 (5.6 to 7.9-fold, but lower amounts of (P <
0.05) pro-CASP 9 (60-69%) and pro-CASP 3 (54-67%) than the +Se 
groups in the pancreas on days 14, 18, and 28 (Fig. 4C). 

3.4. Expression of GPX4 in pancreatic acinar cells affected their 
susceptibility to H2O2-induced cell death 

Compared with the control, GPX4 mRNA levels in the siGPX4-1 and 
siGPX4-2 transfected acinar cells were decreased (P < 0.05) by > 50% at 
24 h, 48 h, and 72 h after the transfection. GPX4 proteins levels in the 
transfected cells were decreased by 66% to 71% (P < 0.05) at 48 h after 
the transfection (Fig. 5A). However, there was no significant difference 
in the mRNA and protein levels of GPX4 between the control (only re-
agents) and negative (siRNA) control groups. The siRNA transfections 

did not affect cell viability at 0 μM H2O2, but decreased it (P < 0.05) by 
38-39% at 50 μM H2O2 and 41% to 42% at 100 μM H2O2, respectively, 
compared with the respective controls (Fig. 5B). The siRNA transfections 
increased (P < 0.05) CYTC (~1.3-fold), cleaved-CASP 9 (~1.2-fold), and 
cleaved-CASP 3 (~8.2-fold (Fig. 5C), but decreased (P < 0.05) pro-CASP 
9 (~68%) and pro-CASP 3 (~57%) in the acinar cells after the treatment 
of 50 μM H2O2 for 6 h (Fig. 5C). 

The transfection efficiency of pcDNA3.1(+)/GPX4-EGFP into the 
pancreatic acinar cells (48 h) were verified by immunofluorescence 
microscopy (Fig. 6A). Compared with the control, the pcDNA3.1 
(+)/GPX4-EGFP transfected cells had GPX4 mRNA levels elevated (P <
0.05) by 46%, 6.6-fold, 8.8-fold, and 8.5-fold at 12 h, 24 h, 48 h, and 72 
h after the transfection, respectively (Fig. 6B). Their GPX4 protein levels 
were increased by 11.8-fold at 48 h or 72 h after the transfection. Their 
cell viability (Fi. 6C) was 13% and 28% greater (P < 0.05) than the 
controls after the treatments of 50 μM and 100 μM H2O2 for 6 h, 
respectively. Meanwhile, these cells had lower levels (P < 0.05) of CYTC 
(55%), cleaved-CASP 9 (48%), and cleaved-CASP 3 (65%), but greater 
levels (P < 0.05) of pro-CASP 9 (2.5-fold), and pro-CASP 3 (2.2-fold) 
than the controls after the treatment of 50 μM H2O2 for 6 h (Fig. 6D). 

Fig. 1. Nutritional pancreatic atrophy induced by Se deficiency in chicks. 
(A) Autopsy showing subcutaneous hemorrhage and a greenish, gelatinous edema under the skin of dependent portions of the body as well as thin (paper-thin) 
pectoral muscles of –Se + Vit. E vs + Se + Vit. E chicks on day 21. 
(B) Pancreatic atrophy in the –Se + Vit. E verse the +Se + Vit. E chicks on day 21. 
(C), (D), and (E) Effects of dietary Se and Vit. E concentrations on pancreas weights, length, and organ index on days 7–28. Data are means ± SE, n = 8. Values within 
a given time differ (P < 0.05) without sharing a common superscript letter. 
(E) Hematoxylin and eosin (H&E) staining of chick pancreas on 28 days. Arrows indicate cytoplasmic vacuoles and hyaline bodies in acinar cells. Images were taken 
with 400 × magnification. The image was a representative of five sets of data. 
(F) Ultrastructural images of the pancreatic acinar cells of chicks on day 28. Arrows indicate crest broken and vesiculated mitochondria in the cells. Images were 
taken with 15000 × magnification. The image was a representative of five sets of data. 
Abbreviations: Se, selenium deficient; +Se, selenium adequate; –Vit. E, vitamin E deficient; +Vit. E, vitamin E adequate. 
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3.5. ProTalpha could interact with GPX4 and mediate its function 

The GST-GPX4 pull-down and MS screening revealed 26 candidate 
proteins from the pancreatic acinar cell homogenates of chicks (2-wk 
old, +Se + Vit. E) that could potentially bind GPX4. While 6 of them had 
more than 2 matched peptides, ProTalpha had the highest number of 
matched peptides (Supplemental Table 5). When lysates of the pancre-
atic acinar cells of chicks (2-wk old, +Se + Vit. E) were incubated with 
the GPX4 antibody, the co-immuno-precipitated complex contained 
both GPX4 and ProTalpha proteins (Fig. 7A). The co-localization of these 
two proteins in the pancreatic acinar cells was verified by the co- 
immunofluorescence microscope assay (Fig. 7B) When the pancreas 
homogenates of chicks (18-day old) were incubated with the ProTalpha 
antibody, ProTalpha was pulled down from the homogenates of the +Se 
+ Vit. E, but not the –Se + Vit. E chicks (Fig. 7C). Compared with the 
control, the ProTalpha antibody co-immuno-precipitated 56% more (P 
< 0.05) and 61% less (P < 0.05) of GPX4 protein from the lysates of 
pancreatic acinar cells transfected with the GPX4 (OE) and the siGPX4 
constructs, respectively (Fig. 7D). The amounts of ProTalpha in the 
precipitated complex were not different among the three groups. To test 
if the ProTalpha deficiency induced apoptosis, we selected two regions 
of siRNA targeting to knock down expression of ProTalpha in the 
pancreatic acinar cells of chicks (+Se + Vit. E) (Fig. 7E). Compared with 
the control, the ProTalpha mRNA levels were decreased (P < 0.05) by 7% 
to 19% in the siProTalpha-1 and by > 50% in the siProTalpha-2 trans-
fected cells, respectively. Meanwhile, the ProTalpha proteins levels in 
the siProTalpha-1 and siProTalpha-2 transfected cells were decreased by 
44% and 75% (P < 0.05) at 48 h, respectively, compared with the 
control. Because of these differences between the two siRNAs, siPro-

Table 1 
Effects of dietary Se and vitamin E concentrations on biochemical indicators in 
the pancreas of chicks.  

Se, mg/kg 0 0 0.3 0.3 

Vit.E, mg/kg 0 50 0 50 
Se, ng/g tissue 
7d 192 ± 18.2a 196 ± 13.2a 363 ± 11.0b 376 ± 34.2b 

14d 157 ± 14.2a 160 ± 13.4a 334 ± 28.4b 335 ± 24.9b 

21d 132 ± 12.3a 135 ± 12.3a 302 ± 23.0b 310 ± 30.4b 

28d 118 ± 8.6a 120 ± 9.5a 299 ± 20.7b 303 ± 24.2b 

Glutathione peroxidase, unit/mg protein 
7d 20.3 ± 2.10 21.1 ± 3.30 22.0 ± 3.00 23.2 ± 2.20 
14d 14.7 ± 2.40a 15.0 ± 2.20a 23.0 ± 2.10b 25.2 ± 2.40b 

21d 12.3 ± 2.20a 14.0 ± 3.10a 25.0 ± 2.30b 26.3 ± 2.10b 

28d 11.4 ± 2.0a 12.0 ± 1.90a 24.5 ± 1.70b 27.4 ± 2.30b 

Catalase, unit/mg protein 
14d 1.4 ± 0.3 1.5 ± 0.3 1.6 ± 0.3 1.7 ± 0.3 
18d 0.6 ± 0.1a 0.7 ± 0.3a 1.5 ± 0.1b 1.4 ± 0.1b 

28d 0.3 ± 0.0a 0.3 ± 0.0a 1.1 ± 0.2b 1.2 ± 0.3b 

Superoxide dismutase, unit/mg protein 
14d 117 ± 6.70 116 ± 7.10 114 ± 7.50 116 ± 7.40 
18d 101 ± 8.60a 107 ± 7.40a 121 ± 9.20b 120 ± 8.70b 

28d 98.0 ± 6.40a 96.4 ± 7.20a 7 ± 8.10b 4 ± 9.20b 

Malondialdehyde,μmol/mg protein 
14d 4.2 ± 0.30b 4.4 ± 0.20b 1.9 ± 0.30a 1.8 ± 0.20a 

18d 6.2 ± 0.30b 6.4 ± 0.20b 1.6 ± 0.20a 1.7 ± 0.20a 

28d 7.4 ± 0.60b 7.6 ± 0.70b 1.8 ± 0.20a 1.7 ± 0.20a 

Total antioxidant capacity, mmol/g protein 
14d 2.6 ± 0.20a 2.8 ± 0.30a 4.7 ± 0.30b 4.5 ± 0.30b 

18d 2.0 ± 0.20a 1.9 ± 0.20a 4.3 ± 0.40b 4.2 ± 0.30b 

28d 1.8 ± 0.20a 1.7 ± 0.20a 3.7 ± 0.30b 3.8 ± 0.20b 

Values are means ± SE, n = 5. Means in row without sharing a common letter 
differ, P < 0.05. 

Fig. 2. The GO analysis (A) with GO database and 
the pathway analysis (B) with KEGG database were 
applied for functional annotation. The significant GO 
terms and pathways were defined as P < 0.05 and 
FDR <0.05. (C) Heatmap showing the significant top 
38 mRNAs affected by dietary Se and Vit. E deficiency 
in the pancreas of chicks on day 18. Yellow: 
increased; blue: decreased. P < 0.05 and FDR <0.05. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.) 
Abbreviations: Se, selenium deficient; +Se, selenium 
adequate; –Vit. E, vitamin E deficient; +Vit. E, 
vitamin E adequate; Apaf-1, apoptotic peptidase 
activating factor 1; AIF, apoptosis inducing factor; 
BAX, BCL2 associated X; CASP 3, caspase 3; CASP 9, 
caspase 9; Cav1,caveolin 1; Cd44, CD44 molecule; 
CYTC, cytochrome c; Col 5, collage 5; GO, gene 
ontology; GPX1, glutathione peroxidase 1; GPX2, 
glutathione peroxidase 2; GPX3, glutathione peroxi-
dase 3; GPX4, glutathione peroxidase 4; GLRX2, glu-
taredoxin 2; GR, glutathione reductase; GSS, 
glutathione synthetase; GSTM1, glutathione S-trans-
ferase mu 1; GSTP1, glutathione S-transferase pi 1; 
LAMB1, laminin subunit beta 1; KEGG, kyoto ency-
clopedia of genes and genomes; MsrB1, methionine 
sulfoxide reductase B1; MTHFD1, methylenetetrahy-
drofolate dehydrogenase, cyclohydrolase and for 
myltetrahydrofolate synthetase 1; p38, p38 kinase; 
PDK1, pyruvate dehydrogenase kinase 1; PI3K, 
phosphatidylinositol 3-kinase; Pxna, paxillin a; 
SELENOF, selenoprotein 15; SELENOK, selenoprotein 

K; SELENOH, selenoprotein H; SELENOM, selenoprotein M; SELENON, selenoprotein N; SELENOP, selenoprotein P; SELENOS, selenoprotein S; SELENOU, seleno-
protein U; SELENOW, selenoprotein W; SPS2, selenophosphate synthetase 2; THBS, thrombospondin 1; TYMS, thymidylate synthetase.   
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Talpha-2 was selected for the subsequent experiments. Compared with 
the control, the siProTalpha-2 transfected cells displayed 25% and 35% 
lower (P < 0.05) viability after the exposure to 50 μM and 100 μM H2O2, 
respectively (Fig. 7F). To determine the ProTalpha deficiency effect on 
apoptotic signaling in pancreatic acinar cells, we transfected them with 
siProTalpha-2. These cells had greater levels (P < 0.05) of CYTC (11.4- 
fold), cleaved-CASP 9 (1.1-fold), and cleaved-CASP 3 (3.1-fold), but 
lower levels (P < 0.05) of pro-CASP 9 (58%) and pro-CASP 3 (62%) after 
being treated with 50 μM H2O2 for 6 h than the controls (Fig. 7G). The 
H2O2-induced apoptosis rate was increased (P < 0.05) by 88% and 81% 
in the siGPX4 and siProTalpha-2 transfected acinar cells, respectively, 
and by 1.3-fold in those transfected with both siRNAs, compared with 
the control (Fig. 7H). 

3.6. Suppression of GPX4 impaired embryonic survival and pancreatic 
integrity of chicks 

Because pancreatic GPX4 was depleted in chicks with NPA and 
altering GPX4 expression in pancreatic acinar cells affected apoptotic 
signaling and cell death, we next sought to silence GPX4 expression 

through subgerminal cavity injection of the shRNA-expressing lentivirus 
in chick embryo to determine its physiological role and relevance. The 
recombinant lentiviral vector sequences were confirmed (Supplemental 
Fig. 2B). The presences of the EGFP (465 bp, Supplemental Fig. 2C) and 
the U6-CMV (684 bp, Supplemental Fig. 2D) in the blood samples of the 
G0 of GPX4-shRNA transgenic chicken embryos (day 18) was verified. 
The expression of the EGFP protein was seen in the transgenic embryo 
on day 8 (Fig. 8A). Compared with control, the shGPX4 chicken em-
bryonic pancreas (day 18) showed acinar cell swelling, granular 
degeneration, and vacuolar degeneration (Fig. 8B). However, there was 
no significant difference in pancreatic length or weight (Supplemental 
Figs. 2E and F). In the day 18 embryonic pancreas, shGPX4 decreased (P 
< 0.05) GPX4 mRNA levels (34%), GPX4 protein (57%), pro-CASP 9 
(55%), and pro-CASP 3 (44%), but increased (P < 0.05) CYTC (3.5-fold), 
cleaved-CASP 9 (97%), and cleaved-CASP 3 (56%) compared with the 
controls (Fig. 8 C, D). Hatching rate was 20.3% and 17.3% for control 
eggs and eggs injected with shGPX1, respectively. However, the rate was 
dropped to 0% for eggs injected with shGPX4 (Fig. 8E). 

Fig. 3. Effects of dietary Se and vitamin E concentrations on relative mRNA abundance of (A) GPX1, (B) GPX3, (C) GPX4, (D) MsrB1, (E) SELENOF, (F) SELENOH, (G) 
SELENOM, (H) SELENON, (I) SELENOP, (J) SELENOU, (K) SELENOW, (L) SELENOT, (M) SELENOO, (N) SELENOK, and (O) TXNRD1 in the chick pancreas on days 14, 
18, and 28. Data are means ± SE, n = 5. Values within a given time differ (P < 0.05) without sharing a common superscript letter. Abbreviations: Se, selenium 
deficient; +Se, selenium adequate; –Vit. E, vitamin E deficient; +Vit. E, vitamin E adequate; GPX1, glutathione peroxidase 1; GPX3, glutathione peroxidase 3; GPX4, 
glutathione peroxidase 4; MsrB1, selenoprotein R; SELENOF, selenoprotein F; SELENOH, selenoprotein H; SELENOM, selenoprotein M; SELENON, selenoprotein N; 
SELENOP, selenoprotein P; SELENOU, selenoprotein U; SELENOW, selenoprotein W; SELENOT, selenoprotein T; SELENOO, selenoprotein O; SELENOK, selenoprotein 
K, and TXNRD1, Thioredoxin reductase 1. 
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4. Discussion 

Our present study reveals a key role and novel mechanism of GPX4 in 
the development of NPA induced by dietary Se-deficiency in broiler 
chicks. We have taken stepwise approaches to make and support our 
findings. Firstly, we fed chicks a practical, low-Se diet and successfully 
replicated the typical symptoms of NPA. Secondly, we performed global 
gene expression and target pathway analyses in the pancreas of chicks 
and postulated a cascade event of depletion of GPX4, up-regulation of 
apoptosis signaling, and development of NPA. Thirdly, we specifically 

altered GPX4 expression by silencing or overexpressing the gene in the 
pancreatic acinar cells and demonstrated an inverse relationship be-
tween GPX4 expression and susceptibility of acinar cells to H2O2- 
induced apoptosis. Fourthly, we applied pull down, mass spectrometry, 
and cell biology approaches to unveil ProTalpha as a novel binding 
protein for GPX4 to exert its role in protecting against the H2O2-induced 
apoptosis of acinar cells. Finally, we silenced expression of GPX4 in the 
chick embryo and verified the physiological relevance of the GPX4 role 
and pathway demonstrated in the acinar cells. 

Pancreas was recognized as one of the most susceptible organs to 

Fig. 4. Effects of dietary Se and vitamin E concentrations on pancreatic production of selenoproteins, immunohistochemistry of GPX4, production of apoptotic signal 
proteins, and apoptosis of chicks at various time points. 
(A) Effects of dietary Se and Vit. E concentrations on pancreatic protein levels of selected selenoproteins in chick pancreas on days 14, 18, and 28. Data below the 
protein bands are means ± SE, n = 3. Values within a given protein differ (P < 0.05) without sharing a common superscript letter. 
(B) Effects of dietary Se and Vit. E concentrations on immunohistochemistry of GPX4 in pancreas of chicks on day 21. The bar below figure shows means ± SE, n = 5. 
Means without sharing a common superscript letter are different (P < 0.05). Paraffin slices were treated according to the SABC immunohistochemical kit, and results 
were analyzed using a double-blind method. Five high-power fields ( × 400) were selected at random, and two pathologists evaluated scores independently. PBS, 
instead of the primary antibody, was used as negative control, and specimens were scored according to the intensity of the dye color and the number of positive cells. 
The intensity of the dye color was graded as 0 (no color), 1 (light yellow), 2 (light brown), or 3 (brown), and the number of positive cells was graded as 0 (<5%), 1 (5 
- 25%), 2 (25 - 50%), 3 (51-75%), or 4 (>75%). The two grades were added together and specimens were assigned to one of 4 levels: 0–1 score (− ), 2 scores (+), 3–4 
scores (++), more than 5 scores (+++). The positive expression rate was expressed as the percent of the addition of (++) and (+++) to the total number. 
(C) Effects of dietary Se and Vit. E concentrations on pancreatic protein levels of apoptotic signal proteins in chicks on days 14, 18, and 28. Data below the protein 
bands are means ± SE, n = 3.Values within a given protein differ (P < 0.05) without sharing a common superscript letter. 
(D) Effects of dietary Se and Vit. E concentrations on apoptosis in pancreas of chicks on day 21 by TUNEL assay. TdT-mediated dUTP nick end labeling (TUNEL) was 
carried out for DNA fragmentation using a cell apoptosis detection kit (Roche, Basel, Switzerland) according to the manufacturer’s protocol. Apoptotic cells of each 
slide were analyzed in at least 5 different fields by using the Image-proplus software (version 6.0 for windows, Media Cybernetics, Silver Spring, MD) with the aid of a 
microscope (Carl Zeiss, New York, NY) at 400× magnification. The number of positive cells was averaged for statistical analysis. TUNEL-positive myocyte nuclei 
(brown): white arrow; TUNEL-negative myocyte nuclei (blue): black arrow. The mean percentages of apoptosis were 41.4% (A) and 38.8% (B) in +Se–Vit. E, and 
+Se + Vit. E chicks, respectively. Mean percentages of apoptosis were 5.6% (C) and 6.1% (D) in pancreases in –Se–Vit. E and –Se + Vit. E chicks, respectively. Values 
are means ± SE, n = 5. Means without sharing a common superscript letter are different (P < 0.05). 
Abbreviations: Se, selenium deficient; +Se, selenium adequate; –Vit. E, vitamin E deficient; +Vit. E, vitamin E adequate; ACTB, beta actin; cleaved-CASP 3, cleaved 
caspase 3; cleaved-CASP 9, cleaved caspase 9; CYTC, Cytochrome c; GPX1, glutathione peroxidase 1; GPX4, glutathione peroxidase 4; pro-CASP 3, pro caspase 3; pro- 
CASP 9, pro caspase 9; SELENOF, selenoprotein F; SELENOW, selenoprotein W; SELENON, selenoprotein N; SELENOU, selenoprotein U; SELENOP-L, long form of 
selenoprotein P; SELENOP-S, short form of selenoprotein P; TUNEL, TdT-mediated dUTP nick end labeling . 
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dietary Se/Vit. E deficiencies in poultry, and NPA was reported in 
1950–60s as a classical Se/Vit. E deficiency disease [6,14,50]. It is quite 
remarkable that our practical, low-Se diets could duplicate the typical 
NPA in the currently-used commercial chicks in terms of occurrence 
time and rate (~18 days old of age, > 80%), overt signs (pancreas 

weight, length, and index), and histological characterization (hyaline 
body formation, vacuolation and cytoplasmic shrinkage, and disrupted 
mitochondria), compared with the earlier observations [13,14,50]. 
Because the genetic background, metabolic capacity such as growth 
rate, and housing conditions have been substantially changed between 

Fig. 5. Effects of GPX4 siRNA on H2O2-induced 
apoptosis in the pancreatic acinar cells of Se-adequate 
chicks. 
(A) Effect of GPX4siRNA on relative mRNA abun-
dances and protein levels of GPX4 in the acinar cells. 
Data are means ± SE, n = 5. Means without sharing a 
common superscript letter are different (P < 0.05). 
(B) Effect of GPX4siRNA on cell viability of the 
pancreatic acinar cells treated with 0 μM, 50 μM, or 
100 μM H2O2 for 6 h. Data are means ± SE, n = 6. 
Means without sharing a common superscript letter 
are different (P < 0.05). 
(C) Effect of GPX4siRNA on protein levels of GPX4 
and apoptotic signal proteins in the pancreatic acinar 
cells treated with 50 μM H2O2 for 6 h. Data are means 
± SE, n = 3. Values below the protein bands within a 
given protein differ (P < 0.05) without sharing a 
common superscript letter. 
Abbreviations: ACTB, beta actin; cleaved-CASP 3, 
cleaved caspase 3; cleaved-CASP 9, cleaved caspase 9; 
Control, acinar cells without transfection; CYTC, cy-
tochrome c; GPX4, glutathione peroxidase 4; Nc, 
negative siRNA transfected cells; pro-CASP 3, pro 
caspase 3; pro-CASP 9, pro caspase 9; siGPX4-1, GPX4 
small interfering RNA 1; siGPX4-2, GPX4 small 
interfering RNA 2.   

Fig. 6. Effects of GPX4 overexpression on H2O2- 
induced apoptosis in the pancreatic acinar cells of Se- 
adequate chicks. 
(A) Illustration of the control and GPX4 (OE) trans-
fection into pancreatic acinar cells. a, bright filed of 
acinar cells (control without any transfection); b, 48 h 
after transfection of GPX4 (OE), fluorescence signal of 
GPX4 (green) in acinar cells. Images were taken with 
800 × magnification. The image was a representative 
of five independent examinations. 
(B) Effects of GPX4 overexpression on relative mRNA 
abundances (upper panel) and protein levels (lower 
panel) of GPX4 in the pancreatic acinar cells at 
different time points. Data are means ± SE, n = 5. 
(C) Effect of GPX4 overexpression (48 h after trans-
fection) on viability of the pancreatic acinar cells 
treated with 0 μM, 50 μM, or 100 μM H2O2 for 6 h. 
Data are means ± SE, n = 6. 
(D) Effect of GPX4 overexpression (48 h after trans-
fection) on protein levels of GPX4 and apoptotis 
signal proteins in the pancreatic acinar cells treated 
with 50 μM H2O2 for 6 h. Data are means ± SE, n = 3. 
In B, C, and D, values within a given time, dose of 
H2O2, or protein differ (P < 0.05) without sharing a 
common superscript letter. 
Abbreviations: ACTB, beta actin; cleaved-CASP 3, 
cleaved caspase 3; cleaved-CASP 9, cleaved caspase 9; 
Control, lysates of pancreatic acinar cells without 
transfection; ET, lysates of pancreatic acinar cells 
transfected with Entranster-H DNA transfection re-
agent only; CYTC, Cytochrome c; GPX4, glutathione 
peroxidase 4; ET + Plasmid, lysates of pancreatic 

acinar cells both transfected with pcDNA3.1/GPX4-EGFP and Entranster-H DNA transfection reagent; Plasmid, lysates of pancreatic acinar cells transfected with 
pcDNA3.1/GPX4-EGFP only; pro-CASP 3, pro caspase 3; pro-CASP 9, pro caspase 9.   
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chicks raised 60 years ago and now, this incredible reproducibility of 
NPA illustrates that the disease is induced by dietary Se/Vit. E deficiency 
per se, independent of genetic context of chicks or other environmental 
factors. 

The DGE analysis demonstrated a stark contrast between down- 
regulation of selenoprotein genes and up-regulation of apoptosis 
signaling-related genes in the pancreas of –Se chicks suffered with a high 

incidence of NPA. The followed Q-PCR, Western blot, and IHC analyses 
clearly confirmed these changes. Although mRNA levels of at least 12 
selenoproteins and protein levels of 7 selenoproteins were decreased by 
dietary Se deficiency and all those changes could have contributed to the 
development of NPA, we focused on the role and mechanism of GPX4 in 
the regard. This was because pancreatic GPX4 protein was nearly 
diminished in the -Se chicks, representing one of the most decreased 

Fig. 7. The protein protein interaction between GPX4 and ProTalpha and the impact on apoptosis in the pancreatic acinar cells. 
(A) A representative image (n = 3) of immunoprecipitation of ProTalpha from the lysates of pancreatic acinar cells of chicks (2-wk old, +Se + Vit. E) by anti-GPX4 
antibody. 
(B) Co-immunofluorescence staining of ProTalpha (the anti-ProTalpha antibody was labeled with a red fluorescent dye DyLight™ 594) and GPX4 (green) in 
pancreatic acinar cells after transfected with GPX4 (OE) 48 h. The merged image of yellow fluorescence represents the co-localization of ProTalpha and GPX4 in the 
acinar cells. Nuclei were labeled using Hoechest33258 staining. Scale = 5 μm. 
(C) A representative image (n = 3) of immunoprecipitation of GPX4 from lysates of pancreases of chicks (2-wk old, +Se + Vit. E verse –Se + Vit. E) by anti-ProTalpha 
antibody. 
(D) A representative image (n = 3) of immunoprecipitation of GPX4 from the lysates of pancreatic acinar cells transfected with the GPX4 (OE) or siGPX4 construct by 
anti-ProTalpha antibody. Control, lysates of acinar cells without transfection; OE, lysates of acinar cells transfected with pcDNA3.1/GPX4-EGFP and Entranster-H 
DNA transfection reagent; siGPX4-1, lysates of acinar cells transfected with GPX4-siRNA-1 and Lipofect AMINE 2000 transfection reagent. 
(E) Effect of ProTalpha siRNA on relative mRNA abundance and protein levels of ProTalpha in pancreatic acinar cells at different time points. Data are means ± SE, n 
= 6. 
(F) Effect of ProTalpha siRNA (48 h after transfection) on viability of pancreatic acinar cells treated with 0 μM, 50 μM, or 100 μM H2O2 for 6 h. Data are means ± SE, 
n = 6. 
(G) Effect of ProTalpha siRNA (48 h after transfection) on protein levels of ProTalpha, pro-CASP 9, cleaved-CASP 9, pro-CASP 3, and cleaved-CASP 3 of pancreatic 
acinar cells treated with 50 μM H2O2 for 6 h. Data are means ± SE, n = 3. 
(H) Effect of ProTalpha and/or GPX4 siRNA (48 h after transfection) on apoptosis of pancreatic acinar cells treated with 0 μM or 50 μM H2O2 for 6 h. Data are means 
± SE, n = 6. 
In A, C, D, E, F, G, and H, values within a given gene, protein, time, or dose of H2O2 differ (P < 0.05) without sharing a common superscript letter. 
Abbreviations: ACTB, beta actin; cleaved-CASP 3, cleaved caspase 3; cleaved-CASP 9, cleaved caspase 9; Control, acinar cells without transfection; CYTC, cytochrome 
c; GPX4, glutathione peroxidase 4; Nc, acinar cells both transfected with negative control siRNA and Lipofect AMINE 2000 transfection reagent; ProTalpha, pro-
thymosin alpha; pro-CASP 3, pro caspase 3; pro-CASP 9, pro caspase 9; siGPX4-1, lysates of pancreatic acinar cells both transfected with GPX4 small interfering RNA 
1 and Lipofect AMINE 2000 transfection reagent; siProTalpha-1, lysates of pancreatic acinar cells both transfected with ProTalpha small interfering RNA 1 and 
Lipofect AMINE 2000 transfection reagent; siProTalpha-2, lysates of pancreatic acinar cells both transfected with ProTalpha small interfering RNA 2 and Lipofect 
AMINE 2000 transfection reagent; siProTalpha-2/siGPX4-1, lysates of pancreatic acinar cells transfected with ProTalpha small interfering RNA 2, GPX4 small 
interfering RNA 1 and Lipofect AMINE 2000 transfection reagent. 
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selenoproteins by dietary Se deficiency. Such depletion of avian GPX4 
gave rise to an extreme comparison with the strong resistance of 
mammalian GPX4 expression to Se deprivation [51]. Previous research 
has demonstrated that tissue-specific differences in selenoprotein syn-
thesis and sensitivity to Se deprivation are associated with efficiency of 
Se retention, levels of Sec insertion sequence (SECIS) binding protein 2 
(SBP2) [52] and selenocysteine-specific elongation factor [53], and ef-
fects on selenocysteyl-tRNA population [54]. It remains to be deter-
mined if the low ranking of GPX4 in avian selenoprotein hierarchy is due 
to a low SECIS-SBP2 affinity [55]. Because NPA is a poultry-specific, but 
not mammals-prone, disease, the distinct differences in GPX4 expression 
responses to dietary Se deficiency between the avian and mammalian 
species could implicate a special role of GPX4 in the development of 
NPA. In fact, the GPX4-immunopositive staining was localized in the 
acinar cell nucleus and cytoplasm of pancreas in +Se chicks. The 
decrease or loss of GPX4 staining in these subcellular locations of –Se 
chicks corresponded well to the intracellular vacuolation and hyaline 
body formation, followed by loss of acinar zonation [50]. Furthermore, 
GPX4 is the only known selenoperoxidase that reduces phospholipid 
hydroperoxides in membrane and interacts with Vit. E [5,18]. A global 
knockout of GPX4 causes early embryonic lethality [56], and GPX4 in-
volves in different types of cell death including necrosis, apoptosis, and 
ferroptosis [57-59]. Our basis for postulating a functional link between 
GPX4 depletion and the development of NPA was derived from the 
disrupted mitochondria, elevated apoptotic proteins (cleaved-CASP 3, 
cleaved-CASP 9, and CYTC), and decreased pro-apoptotic protein 
(pro-CASP 3 and pro-CASP 9) in the pancreas of –Se chicks. While roles 
and responses of caspases 3 and 9 and CYTC in ROS-related apoptosis are 
well-documented [35,60], their cross-talking with GPX4 was clearly 
elucidated as a cause-effect event only in the present study. When GPX4 
expression was suppressed in the freshly isolated chicken pancreatic 
acinar cells, the apoptotic proteins (CYTC, cleaved CASP 3, and cleaved 

CASP 9) and the proapoptotic proteins (pro-CASP 3 and pro-CASP 9) 
were up- and down-regulated, respectively. These changes were the 
exact same as observed in the pancreas of –Se chicks with NPA. In 
contrast, overexpression of GPX4 in the cells resulted in the exact 
opposite changes. Altogether, GPX4 could act as a major selenoprotein 
involved in the apoptotic signaling and cell death occurred in NPA of –Se 
chicks. 

It was exciting for us to reveal the protein protein interaction be-
tween GPX4 and ProTalpha and to confer their roles in regulating 
intracellular caspase activity, CYTC release, and apoptosis in the 
pancreatic acinar cells. This discovery offers a novel mechanism to 
explain how GPX4 deficiency could lead to apoptosis and the develop-
ment of NPA in –Se chicks. Among the GPX4-binding protein candidates 
identified from the GST-GPX4 pull down and MS screening, ProTalpha 
showed the highest fidelity. Subsequent co-immuno precipitation and 
co-fluorescence localization assays clearly confirmed their interactions 
in the acinar cells. The anti-ProTalpha antibody pulled down GPX4 
protein from the pancreatic homogenates of +Se chicks, but not those of 
–Se chicks. More convincingly, using siRNA to silence the expression of 
these two proteins led to similar increases in apoptotic signaling proteins 
(cleaved-CASP 3 and 9 and CYTC), susceptibility to H2O2-mediated loss 
of viability, and apoptosis. These changes imply equal importance of the 
two proteins in controlling apoptotic process. The indispensability of 
each protein or more accurately the interdependence of each other in 
forming a complex to exert their anti-apoptotic function in acinar cells 
was further supported by only a moderate increase of the H2O2-induced 
apoptosis resulted from the double silences of both genes simultaneously 
compared with the single silence [61,62]. Illustrating the interaction 
and mutual dependence of these two protein not only offers a novel role 
of GPX4 but also a new control mechanism of apoptosis. A previous 
study indicated that activation of ferroptosis led to increases of the 70 
kDa heat shock cognate protein (HSC70)-mediated lysosomal delivery 

Fig. 8. Effects of the shGPX4 transfection on chicken 
embryo of the EGFP expression, pancreatic histology, 
GPX4 mRNA expression, production of pancreatic 
apoptotic signal proteins, and hatch rate. 
(A) Expression of EGFP of transgenic chicken embryo 
(day 8). shGPX4, eggs injected with pLL3.7-GPX4- 
shRNA; control, eggs injected with empty vector. 
(B) H&E staining of paraffin-embedded chicken em-
bryonic pancreas (day 18) sections. Compared with 
the control, the shGPX4 chicken embryonic pancreas 
showed acinar cell swelling, granular degeneration 
and vacuolar degeneration. Images were taken with 
400 × magnification. The image was a representative 
of five independent examinations. 
(C) Effects of the shGPX4 transfection on relative 
mRNA abundances of GPX4 in the day18 embryonic 
pancreas. Data are means ± SE, n = 5, *P < 0.05 
compared with the control. 
(D) Effects of the shGPX4 transfection on protein 
levels of GPX4 and apoptotic signal proteins in the 
day18 embryonic pancreas. Data are means ± SE, n 
= 5, *P < 0.05 compared with the control. 
(E) Effects of shGPX4 and shGPX1 transfections on egg 
hatching rates. GPX1, eggs injected with pLL3.7- 
GPX1-shRNA; shGPX4, eggs injected with pLL3.7- 
GPX4-shRNA; Control, eggs injected with empty vec-
tor. 
Abbreviations: ACTB, beta actin; cleaved-CASP 3, 
cleaved caspase 3; cleaved-CASP 9, cleaved caspase 9; 
Control, eggs injected with the empty vector; CYTC, 
Cytochrome c; GPX1, glutathione peroxidase 1; GPX4, 
glutathione peroxidase 4; pro-CASP 3, pro caspase 3; 
pro-CASP 9, pro caspase 9; shGPX1, chicken eggs 
injected with pLL3.7-GPX1-shRNA; shGPX4, chicken 

eggs injected with pLL3.7-GPX4-shRNA.   
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and degradation of GPX4. Immunoprecipitation assays suggested in-
teractions between legumain, heat shock protein 90 (HSP90), HSC70, 
lysossomal associated protein 2a (lamp-2a) and GPX4 [63]. In this study, 
we have added ProTalpha as a new binding protein of GPX4 for its role in 
protecting against ROS-induced apoptosis. Meanwhile, Markova et al. 
reported that CYTC was transformed from anti-to pro-oxidant when 
interacting with truncated oncoprotein ProTalpha [35]. Because Pro-
Talpha is an abundant nuclear protein involved in cellular processes 
intricately linked to development such as cell proliferation, revealing its 
interaction with GPX4 may give us a new avenue to study other un-
recognized functions of GPX4. It remains a fascinating question if the 
co-expression and interaction of GPX4 and ProTalpha exist in other 
tissues, in particular those with preferential Se supply like the endocrine 
glands. 

The outcomes of target silencing GPX4 expression through sub-
germinal cavity injection of the shRNA-expressing lentivirus in the chick 
embryo supported the relevance of the association between down- 
regulation of GPX4 and development of NPA in –Se chicks and the 
direct role of altering GPX4 expression in regulating apoptotic signaling 
and death in the pancreatic acinar cells. Lentiviral vector-mediated gene 
knockdown has been successfully used to transfect different types of 
cells in vivo with several technical advantages [64], and is a very useful 
tool for sensory regeneration research of embryonic pancreas, particu-
larly for in vivo use [65]. In this study, the shRNA sequences were 
designed according to the siGPX4 sequence that could inhibit the 
expression of GPX4 gene in chicken embryos. When the GPX1 shRNA 
injection did not decrease the hatching rate compared with the vector 
controls, the GPX4 shRNA produced zero hatching rate (100% mortality 
rate) of embryos. Although the control hatching rate, probably due to 
the subgerminal cavity injection procedure, was rather low, the differ-
ence between the GPX1 and GPX4 shRNA injections was evident. While 
the shGPX4-induced embryonic lethality confirms the findings from 
previous mouse research [66], the most relevant finding for the present 
study was the activation of mitochondrial apoptotic pathway by the 
GPX4 shRNA in the day-18 embryonic pancreas. 

Although we applied multiple robust methods to determine overall 
metabolic changes in the pancreas of –Se verse + Se chicks and specific 
responses to alterations of GPX4 and ProTalpha in the pancreatic acinar 
cells, our findings on the novel role and mechanism of GPX4 in the 
development of NPA still have limitations. Ideally, a pancreas-specific 
knockout of GPX4 in chicks should have been the best model for our 
objective. However, generating such a sophisticated model in poultry 
presents many technical challenges although our ongoing research has 
succeeded in producing serval lines of global knockouts of avian sele-
noprotein genes. This renders our current approaches as the most 
practical or feasible alternative. Another finding requiring sub-
stantialization is the protein protein interaction between GPX4 and 
ProTalpha. Five other proteins were also identified from the GST-GPX4 
pull down screening. It will be interesting to explore if and how these 
proteins bind GPX4 and affect the interaction between GPX4 and Pro-
Talpha. In addition, it is necessary to develop effective antibodies spe-
cifically against many of the avian selenoproteins to assess their 
contributions, in relation to GPX4, to the development of NPA. 

5. Conclusion 

In the present study, we have successfully replicated the classical Se/ 
Vit. E deficiency disease NPA in broiler chicks fed a practical, low-Se 
diet. A combined global gene expression profiling with target pathway 
characterization in the pancreas of -Se chicks depicted a key role of 
GPX4 deficiency in the apoptotic signaling involved in the onset of NPA. 
The functional link between GPX4 depletion and the elevated apoptotic 
signaling and cell death induced by H2O2 was elucidated by silencing 
and overexpressing GPX4 gene in the pancreatic acinar cells. An array of 
pull down, mass spectrometry, and cell biology methods were used to 
unveil ProTalpha as a novel binding protein for GPX4 and a mutual 

dependence of these two proteins to form a complex in exerting their 
roles in regulating H2O2-induced apoptosis of acinar cells. The GPX4 
shRNA was used to silence expression of GPX4 in the chick embryos and 
confirmed the in vivo relevance of the GPX4 role and pathway shown ex 
vivo and in the acinar cells. While our findings provide a novel molec-
ular mechanism for the pathogenesis of NPA as a classical Se/Vit. E 
deficiency disease in chicks reported 60 years ago, unveiling the protein 
protein interaction between GPX4 and ProTalpha in regulating 
apoptosis adds a new concept to both Se biochemistry and cell biology. 
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