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Abstract: Oocyte quality is essential for reproductive capacity, but it rapidly declines with age. In
addition to aging, maternal nutrition is a major concern in maintaining oocyte quality. Gliadin, a
major component of gluten, causes gluten toxicity, which has been reported in a variety of gluten-
related disorders. The basis of gluten toxicity in reproduction is being understood using simple
animal models such as Caenorhabditis elegans. In this study, we examined the effects of gliadin peptide
(GP; amino acids 151–170) intake on oocyte quality control in C. elegans. We found that GP intake
impaired oocyte quality through chromosomal aberrations and mitochondrial oxidative stress, which
was suppressed by antioxidant treatment. The reduced oocyte quality by GP intake consequently
increased embryonic lethality. Furthermore, the expression of oxidative stress-responding genes
prdx-3 and gst-4 was significantly increased by GP intake. The increased DAF-16 activity by GP
intake suggests that DAF-16 is a possible transactivator of these antioxidant genes. Taken together,
GP intake reduced reproductive capacity in C. elegans by decreasing oocyte quality and increasing
embryonic lethality through mitochondrial oxidative stress.

Keywords: Caenorhabditis elegans; gliadin; oocyte quality; oxidative stress; reproductive capacity

1. Introduction

The transfer of genetic material to the next generation is an essential life activity.
Germline cells play a central role in this process. Therefore, determining the regulatory
mechanisms underlying the maintenance of healthy germ cells in animals is pivotal. With
the increasing human life span, maternal age is increasing, resulting in reduced oocyte
quality at the time of onset of fertilization [1,2]. Maternal nutrition is also a major factor in
the regulation of oocyte quality [3]. Therefore, understanding not only the intrinsic, but also
the extrinsic factors that modulate oocyte quality during aging is essential. Our previous
studies indicated that gliadin intake increases germ cell apoptosis [4]. Germ cell apoptosis
is a key process in maintaining oocyte quality in Caenorhabditis elegans [5]. Accumulating
data indicate that gluten toxicity causes not only celiac, but also non-celiac diseases [6], and
the choice of food is strongly associated with intergenerational effects [3]. To investigate
this sophisticated challenge, a simple, but comparable, animal model is required.

Caenorhabditis elegans is an excellent model organism for studying the effects of nutri-
ents on germ cell development because its somatic cell development is mostly complete,
while germ cell development is highly active at the adult stage, and its life cycle is short
and distinct [7,8]. The embryo undergoes embryogenesis for 10–12 h, and the hatched
embryo at larval stage 1 passes larval stages 2, 3, and 4 and becomes a day-1 adult within
65 h at 20 ◦C [9]. When worms become day-3 adults, reproductive aging begins, followed
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by somatic aging after day 5 and keeps aging until death on day 15 [10,11]. Caenorhabditis
elegans exists as both a hermaphrodite and a male. In the hermaphrodite germline, germ
cell developmental processes such as mitosis, meiosis, spermatogenesis, and oogenesis can
be observed, proving to be advantageous for studying germ cells at different stages during
development [8,12]. In addition, since the intestine is closely positioned to the gonad,
inter-tissue interactions between them are more likely to occur. Indeed, we previously
found that reproductive capacity in C. elegans is influenced by intestinal barrier disruption
caused by gliadin intake [4].

Gluten is composed of gliadin and glutenin, a major component of wheat [13]. Undi-
gested gliadin causes gluten toxicity [13]. Since ancient times, wheat has been a major food
source and its consumption is steadily increasing [14]. Recently, an increased number of
people are suffering from gluten-related diseases, including defects in fertility [15]. We have
previously found that gliadin intake induces oxidative stress in C. elegans [16]. Furthermore,
oxidative stress generated by an imbalance in redox homeostasis leads to poor oocyte
quality [17]. These findings suggest that gliadin intake is a harmful extrinsic factor for
the reproductive capacity of C. elegans, which is a good model for examining the effects
of maternal nutrition on oocyte quality control. Therefore, in this study, we examined the
adverse effects of gliadin intake on oocytes and, consequently, on offspring. Based on our
results, maternal gliadin intake reduces oocyte quality and exerts intergenerational effects
through mitochondrial oxidative stress.

2. Materials and Methods
2.1. Caenorhabditis elegans Strains and Gliadin Peptide (GP) Treatment

Caenorhabditis elegans strains were maintained at 20 ◦C on nematode growth medium
(NGM) agar plates containing Escherichia coli strain OP50. N2 (C. elegans wild isolate,
Bristol), ERT60: jyIs13 (act-5p::GFP::ACT-5 + rol-6(su1006)) II, and GR1352: xrIs87 (daf-
16(alpha)::GFP::daf-16B + rol-6(su1006)) were used. A synthetic GP containing amino acids
151–170 of gliadin was commercially synthesized and labeled with FITC from ANYGEN
(ANYGEN, Gwangju, Korea) and used at a final concentration of 3 µM, as previously
described [4]. Synchronized L4-stage larvae were treated with GP for 24 h (day-1 adult) or
72 h (day-3 adult) at 20 ◦C, and each group of worms was examined.

2.2. Mitochondrial Reactive Oxygen Species (mtROS) Analysis and N-Acetyl-L-Cysteine (NAC)
Treatment

CellROX®Green (Invitrogen, Carlsbad, CA, USA) staining was used to detect mtROS
levels in GP-treated worms. The worms were incubated in NGM agar plates contain-
ing 5 µM CellROX®Green dye for 1 h at 20 ◦C, and the CellROX®Green signal was ob-
served. Dissected gonads and oocytes were also analyzed by dissecting worms in 5 µM
CellROX®Green dye on a poly L-lysine-coated slide and incubated in a wet chamber for
30 min at 20 ◦C. The CellROX®Green signal was observed under a fluorescence micro-
scope (Zeiss Axioscope, Oberkochen, Germany), and its intensity was quantified using
ImageJ software (v.1.53e software, National Institute of Health, Bethesda, MD, USA). NAC
(Sigma-Aldrich, St. Louis, MO, USA) was used to examine the antioxidant effect. Worms
fed with GP were treated with the antioxidant NAC. Synchronized L4-stage worms were
placed on NGM plates containing 0 or 3 µM GP for 48 h at 20 ◦C, and then the worms were
transferred to 0 or 5 mM NAC-treated NGM plates containing 0 or 3 µM GP for 24 h at
20 ◦C.

2.3. DNA Staining in Oocytes, Embryonic Lethality, and Survival Assay

Worm gonads were dissected in 0.2 mM tetramisole hydrochloride (Sigma-Aldrich,
St. Louis, MO, USA) on a poly L-lysine-coated slide and fixed with cold methanol and
acetone. The extruded gonads containing oocytes were stained in Vectashield with DAPI
(4’,6-diamidino-2-phenylindole, Vector Laboratories, Burlingame, CA, USA), and the chro-
mosomal morphology in the oocytes was observed under a fluorescence microscope (Zeiss
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Axioscope, Oberkochen, Germany). Embryonic lethality was measured to analyze the
effects of maternal GP intake on oocyte quality. It was calculated as the percentage of
non-hatched embryos out of the total number of progenies produced by day-3 adults in
24 h. Non-hatched embryos after 24 h of incubation were considered dead.

Wild-type N2 worms were treated with 0 or 3 µM GP at the L4 stage for 3 days. The
day-3 adults laid eggs for 24 h, and the hatched L1-staged F1 progeny were incubated
in M9 buffer containing 100 mM paraquat (1,1’-dimethyl-4,4’-bipyridinium dichloride,
Sigma-Aldrich, St. Louis, MO, USA) for 6 h at 20 ◦C. The surviving worms were counted.
Worms were considered dead when they did not respond to gentle touch with a platinum
wire.

2.4. Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

The total RNA was extracted from the worms using TRIzol reagent (Invitrogen,
Waltham, MA, USA), and the RNA was isolated using a phase-lock gel (MaXtract High
Density; Qiagen, Germantown, MD, USA) as previously described [18]. cdc-42 was used as
an endogenous control for normalization, and the relative expression of each gene was cal-
culated compared with that of the control. All experiments were independently performed
in triplicate. The primers used were as presented in the Supplementary Table S1.

2.5. Live Image Observation of Fluorescence-Tagged Transgenic Animals

Synchronized L4-stage larvae were treated with 0 or 3 µM GP for 72 h at 20 ◦C. The
worms were then immobilized using a 0.2 mM tetramisole hydrochloride (Sigma-Aldrich,
St. Louis, MO, USA) on a poly L-lysine-coated slide. Live images of the worms were
observed under a fluorescence microscope (Zeiss Axioscope, Oberkochen, Germany).

2.6. Intestinal Barrier Function Assay

To observe the intestinal barrier function, the worms were incubated for 3 h in liquid
cultures of OP50 bacteria mixed with blue food dye (FD&C Blue No.1 FD110, Spectrum,
New Brunswick, NJ, USA) at 20 ◦C. The worms were then transferred to NGM plates
seeded with OP50. The presence of blue food dye in the body cavity indicated intestinal
leakage.

2.7. Statistical Analysis

Statistical analyses were performed using Jamovi software (https://www.jamovi.org/,
accessed on 30 December 2021). The p-values were evaluated using Student’s t-test, two-
way analysis of variance (ANOVA) with Tukey’s post hoc test, or chi-square test. Data are
presented as mean ± standard deviation (SD). Statistical significance was set at p < 0.05.
All experiments were performed more than three times for statistical data calculation.

3. Results
3.1. Mitochondrial Reactive Oxygen Species (mtROS) Production Was Increased in Gliadin
Peptide (GP)-Treated Adult C. elegans

To overcome the low penetrance of gliadin, we previously used a synthetic GP con-
sisting of a functional motif of gliadin to examine its physiological activity in C. elegans [4].
GP151-170, which exhibits gut-permeating activity, showed a high induction of intracellular
ROS production in both mammalian cells and C. elegans [4,19]. Therefore, we further exam-
ined the role of gliadin in mtROS production using GP151-170 at different developmental
stages, day-1 and day-3 post L4 stage of C. elegans (Figure 1A).

We performed CellROX®Green staining, using a fluorescent dye that detects mtROS
by binding to oxidatively damaged mtDNA. Both the soma and germline of adult C. elegans
were examined. To examine the germline, the gonad was extruded by dissecting the adult
C. elegans. The mtROS levels were significantly increased in soma on both day-1 (Figure 1B)
and day-3 (Figure 1C) in adult C. elegans with GP intake. However, the mtROS levels were
not changed with GP intake in the dissected germline on day-1 (Figure 1D), whereas it was

https://www.jamovi.org/
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significantly increased in the day-3 adult germline (Figure 1E). These results suggested that
the effect of GP intake on the induction of mitochondrial oxidative stress in the germline
was augmented in day-3 adult C. elegans. We further examined the mtROS levels induced by
GP intake in the oocytes of day-3 adult C. elegans. Notably, mtROS production significantly
increased in the oocytes produced from GP-treated day-3 adults (Figure 1F). Taken together,
these findings suggest that GP intake increases the mtROS levels in the germline and
oocytes with age.
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Figure 1. Gliadin peptide (GP) intake increases mitochondrial ROS production (mtROS) in adult C.
elegans. (A) Experimental scheme of GP treatment. The synchronized wild-type N2 worms at L4
stage were incubated on NGM plates containing 0 (DMSO) or 3 µM of GP at 20 ◦C, and then worms
were examined at day 1 or day 3 post L4 stage. (B–F) Comparison of the mtROS levels in worms
(B,C), in the dissected gonad (D,E), or in the oocytes (F) treated with 0 (CT) and 3 µM of GP at the L4
stage for 1 day (B,D) or 3 days (C,E,F) using CellROX®Green staining. The dashed line indicates the
outline of the whole body (B,C) or distal gonad (D,E). Scale bars are 50 µm (B–E) or 20 µm (F). Error
bars represent SD. n.s.: not significant, * p < 0.05, ** p < 0.005, *** p < 0.001 (Student’s t-test).

3.2. Oocyte Quality, Embryonic Lethality, and Oxidative Stress Sensitivity in GP-Treated Adult C.
elegans and Offspring

Our previous studies indicated that gliadin intake increases germ cell apoptosis [4].
Germ cell apoptosis in C. elegans is an important process for maintaining oocyte quality [5].
In addition, oxidative stress in oocytes that undergo meiotic prophase accelerates chromo-
some missegregation, resulting in low-quality oocytes [17]. Therefore, we examined the
quality of oocytes produced by GP-treated adult C. elegans. We examined -1 oocytes (most
proximal oocytes) of day-3 adults using DNA staining. During oogenesis, mature oocytes
in C. elegans are in meiotic prophase I before fertilization and have six pairs of aligned and
condensed chromosomes [20].

Chromosomal aberrations in the -1 oocytes were categorized into three classes: aligned
and condensed (normal six-bivalent), under-condensed, and misaligned and condensed
(Figure 2A). Chromosomal aberrations (under-condensed, misaligned, and condensed
chromosomes) were observed in the -1 oocytes of GP-treated day-3 adults, and defective -1
oocytes increased with GP intake (Figure 2A). To determine whether increased chromoso-
mal aberrations lead to embryonic lethality, we measured embryonic lethality in offspring
of GP-treated day-3 adult mothers. Embryonic lethality was significantly increased in
GP-treated day-3 adult worms compared with that in the control (Figure 2B). These results
indicate that oocyte quality was reduced by chromosomal aberrations in GP-treated worms,
resulting in increased embryonic lethality. Based on these findings, we hypothesized that
the increased levels of mtROS and chromosomal aberrations in oocytes influence the oxida-
tive stress response in embryos and subsequently F1 progeny. To test this hypothesis, we
measured the survival rate of F1 progeny upon exposure to 100 mM paraquat (PQ, a ROS
generator) for 6 h (Figure 2C). We found that the progeny from GP-fed worms exhibited a
decreased survival rate compared with that of the progeny from worms non-treated with
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GP (Figure 2D). This result suggests that the progeny from GP-fed worms have decreased
oxidative stress resistance.
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Figure 2. Chromosomal aberrations in the oocytes, embryonic lethality, and oxidative stress sensitivity
in offspring are increased by GP intake. (A) Chromosomal morphology was observed using DNA
staining. The type of aberration was classified into three categories depending on the condensation
of chromosomes: aligned and condensed (a), under-condensed (b), and misaligned and condensed
(c). The graph indicates the chromosomal morphology of -1 oocytes produced from control (CT) or
GP-treated adult worms. Scale bars are 10 µm. ** p < 0.05 (chi-square test). (B) The graph indicates the
percentages of unhatched embryos for 24 h in day-3 adult-stage worms treated with 0 (CT) or 3 µM of
GP. Error bars represent SD. * p < 0.05 (Student’s t-test). (C) Experimental scheme for survival assay
against 100 mM paraquat (PQ) in the offspring produced from DMSO-treated (CT) or GP-treated
worms (GP). (D) The graph indicates survival rate in the F1 progenies produced by worms treated
with 0 (CT) or 3 µM GP and 100 mM PQ for 6 h. Error bars represent SD. * p < 0.05 (two-way ANOVA
with Tukey’s post hoc test).

3.3. N-Acetyl-L-Cysteine (NAC) Treatment Suppresses Adverse Effects of GP Intake

To confirm whether the toxic effects of GP intake on oocyte quality in the germline
of adult C. elegans are due to oxidative stress, the antioxidant NAC was used, and the
mtROS production and chromosomal morphology of the oocytes produced by GP-treated
or GP-NAC-treated day-3 adult C. elegans were examined. The GP-treated day-2 adults
were treated with NAC for 24 h at 20 ◦C, and the oocytes were isolated from GP-treated
or GP-NAC-treated day-3 adults and the mtROS levels were measured (Figure 3A). The
mtROS levels in oocytes produced by GP-treated worms were decreased by NAC treatment
(Figure 3B). We further examined the chromosomal morphology of the oocytes (Figure 3C).
As hypothesized, the chromosomal aberrations in the oocytes of GP-treated worms were
reduced by NAC treatment, showing an increased proportion of type a, normal type, and a
decreased proportion of severely abnormal type c (Figure 3C). These results suggest that the
chromosomal aberrations caused by GP intake were indeed attributed to oxidative stress,
owing to the increased mtROS production in the oocytes produced by day-3 adult C. elegans.
Similarly, we confirmed that NAC treatment decreased the embryonic lethality induced by
GP intake in day-3 mothers (Figure 3D). Further, NAC treatment increased oxidative stress
resistance in the F1 progeny of GP-treated worms, as indicated by an increased survival
rate (Figure 3E). These results suggest that GP intake reduces oocyte quality and increases
embryonic lethality via oxidative stress, which can be suppressed by NAC treatment.
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(A) Experimental scheme of NAC treatment. The synchronized wild-type N2 worms at L4 stage were
incubated on NGM plates containing 0 (DMSO) or 3 µM of GP at 20 ◦C, and treated with NAC for
24 h, and then worms were examined at day 3 post L4 stage. (B) Comparison of mtROS levels in
oocytes produced from control (CT) and GP-treated adult worms without (CT, GP) or with NAC (CT
+ NAC, GP + NAC) treatment using CellROX®Green staining. The bar graph indicates the relative
pixel intensity of fluorescence of CellROX®Green. Scale bars are 20 µm. Error bars represent SD.
* p < 0.05 (Student’s t-test). (C) The graph indicates chromosomal morphology of -1 oocytes produced
from control (CT) or GP-treated adult worms without (CT, GP) or with NAC (CT + NAC, GP +
NAC) treatment using DNA staining. The types of aberrations were classified into three categories
depending on the chromosomal morphology: aligned and condensed (a), under-condensed (b), and
misaligned and condensed (c). Scale bars are 10 µm, * p < 0.05, ** p < 0.005 (chi-square test). (D) The
graph indicates the percentages of unhatched embryos for 24 h in day-3 adult worms treated with
0 (CT) or 3 µM of GP with or without NAC. Error bars represent SD. n.s.: not significant. * p < 0.05
(Student’s t-test). (E) The graph indicates survival rate in the F1 progenies produced by 0 (CT) or
3 µM of GP-treated worms without (CT, GP) or with NAC (CT + NAC, GP + NAC) after 100 mM
paraquat treatment for 6 h. Error bars represent SD. n.s.: not significant. * p < 0.05, ** p < 0.005
(two-way ANOVA with Tukey’s post hoc test).
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3.4. Expression of Oxidative Stress-Responding Genes Increased with GP Intake

Since GP intake exhibited toxic effects on oocyte quality by inducing mitochondrial
oxidative stress, we examined the expression of oxidative stress-responding genes, includ-
ing sod (superoxide dismutase), ctl (catalase), prdx (peroxiredoxin), and gst (glutathione
S-transferase), using qRT-PCR in day-3 adults. The products of these genes function as
antioxidants in C. elegans [21].

GP intake also increased the expression of most of the test genes, except sod-3 and
ctl-3, which remove superoxide radicals and hydrogen peroxide in mitochondria, respec-
tively [22,23] (Figure 4A). The mRNA levels of prdx-3 and gst-4, which encode for major
cellular detoxification enzymes that maintain redox homeostasis in C. elegans [23,24], were
significantly increased by more than two-fold in GP-treated worms (Figure 4A). In addition,
GP intake increased mRNA levels of ctl-1 and prdx-6. These results suggest that antioxidant
genes respond to GP intake in a gene-specific manner via PRDX-3 and GST-4. We further
examined the possible transcriptional activators of prdx-3 and gst-4 by investigating the
nuclear localization of DAF-16 in transgenic worms expressing a daf-16::GFP transgene
(Figure 4B). DAF-16, a forkhead box O (FOXO) transcription factor in C. elegans, transcrip-
tionally regulates antioxidant genes in response to oxidative stress [25–27] and is activated
by nuclear localization [28]. Notably, although it did not show as marked a response as it
did to heat treatment, the proportion of nuclear-localized DAF-16 in all three tissues, in-
cluding neurons, hypodermis, and intestine, increased in response to GP intake (Figure 4B).
This suggests that GP intake modulates DAF-16 activity, which, in part, transcriptionally
regulates mitochondrial oxidative stress responses in C. elegans.
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Figure 4. GP intake regulates the expression of antioxidant genes and DAF-16 activity in adult C.
elegans. (A) The mRNA levels of antioxidant genes in GP-treated adult C. elegans were detected by
three independent quantitative reverse transcription-polymerase chain reaction analyses using cdc-42
mRNA in each sample as an internal control for normalization. Error bars represent SD. * p < 0.05
(Student’s t-test). (B) Nuclear localization of DAF-16::GFP was observed in worms treated without
(CT) or with GP. The graph indicates the percentage of nuclear localization of DAF-16::GFP in neurons,
hypodermis, and intestines. HEAT indicates heat shock at 37 ◦C for 15 min, which is used for the
positive control of nuclear localization of DAF-16::GFP. Scale bars are 50 µm.
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3.5. GP Intake Causes Disruption of Intestinal Barrier in Adult C. elegans

Oxidative stress through ROS production is associated with many intestinal diseases
causing intestinal barrier damage in mice [29]. In our previous study, we showed that
gliadin intake induced intestinal barrier dysfunction through ROS production in C. ele-
gans [4,16]. Therefore, we also examined whether GP intake affected intestinal leakage
using blue food dye staining in day-3 adult worms.

Intestinal leakage was significantly increased in day-3 adult worms with GP intake
compared with that of the control without GP and to that of day-1 adult worms with GP
treatment (Figure 5A), suggesting that GP intake promotes intestinal leakage in C. elegans
and its effect is augmented with age. We confirmed the disrupted intestinal integrity
using transgenic worms, ERT60, which contain a transgene act-5::GFP. ACT-5 is a major
cytoskeleton component involved in intestinal maintenance in C. elegans [30]. Therefore,
ACT-5 mislocalization indicates disrupted intestinal integrity. Consistent with the above
observations, the GP-treated worms exhibited more severely mislocalized ACT-5 compared
with that of the control (Figure 5B). Taken together, these results indicate that GP intake
impairs intestinal integrity in C. elegans with age and subsequently influences germ cell
quality.
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Figure 5. GP intake promotes intestinal disruption in adult C. elegans. (A) The presence of blue food
dye in the body cavity indicates leakage of the intestinal barrier after 0 (CT) or 3 µM of GP treatment.
Error bars represent SD. n.s.: not significant. ** p < 0.05 (chi-square test). (B) Transgenic worms
expressing actin 5 (ACT-5)::GFP were treated with 0 (CT) or 3 µM of GP at the L4 stage for 3 days.
The intestinal actin localization was classified into four stages depending on mislocalization in the
apical side of the intestine. The percent distributions of the respective stage in worms are presented
in the graph. Scale bars are 50 µm, ** p < 0.05 (chi-square test).

4. Discussion

The maintenance of oocyte quality is essential for producing healthy offspring [31,32].
As reproductive aging begins, oocyte quality rapidly declines [10]. At this stage of de-
velopment, germ cells are highly vulnerable to environmental factors including maternal
nutrition [31,33]. In this study, we attempted to elucidate the effects of maternal gliadin
intake on oocyte quality and embryonic development. We analyzed the changes in oocytes
and subsequent offspring in response to the oxidative stress induced by maternal GP intake
in C. elegans.
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Taking advantage of the well-defined C. elegans developmental stages, we clearly
analyzed day-1 and day-3 adults and compared their responses to GP intake. Both day-1
and day-3 adults are somatically healthy; however, their reproductive capacity begins to
decline from day 3 [10,11]. Therefore, we hypothesized that the toxic effects of GP intake
on reproduction is augmented in day-3 adults, and day 3 is an appropriate time to analyze
the effects of maternal GP intake on reproductive capacity. Indeed, GP intake significantly
increased oxidative stress in the oocytes and intestine of day-3 adults. Considering that
the intestine is healthy, but the germline is declining at this stage, the findings suggest
that GP intake accelerates intestinal and reproductive aging. Notably, severe changes were
observed due to GP intake in germ cells from day-3 adults, whereas only a small change
was observed in those from day-1 adults, suggesting that the impact of maternal GP intake
is more severe in reproductively aged oocytes. This result indicates that the effects of GP
depend on age. The age-dependent effect on oocytes may be associated with that in C.
elegans; oocyte quality control decreases in day-3 adults [34,35]. Oocyte quality control
in C. elegans is mainly performed by germ cell apoptosis [5]. Further, germ cell apoptosis
is gradually elevated at the day-1 and day-2 adult stages when the oocyte is abundantly
produced and thereafter, begins to decrease [5,10]. This may support the finding that only
a small change was observed in the oocytes of day-1 adults.

In C. elegans, the oxidative stress induced by environmental factors deteriorates fertility,
and this effect can be reversed by antioxidant treatment [36]. Similarly, GP-treated day-3
adults exhibited increased intestinal leakage and mtROS production in both the intestine
and oocytes. These effects were suppressed by NAC treatment. Excessive ROS levels
cause damage to cellular components [37]. These findings indicate that the toxic effects of
GP intake are indeed due to oxidative stress and disrupted intestinal integrity, which is
linked to alterations in oocytes, including chromosomal aberrations. Defective oocytes with
chromosomal abnormalities eventually increased embryonic lethality, and some surviving
offspring developed from these oocytes exhibited decreased oxidative stress resistance.
Defective oocytes with chromosomal aberrations are known to have impaired embryonic
development [38]. These findings imply that GP intake causes oxidative stress, resulting
in a decline in oocyte quality and, subsequently, unhealthy offspring. In addition, we
found that GP intake promoted DAF-16 translocation and the expression of its downstream
targets, such as prdx-3 and gst-4. prdx-3 and gst-4 are oxidative stress-responding genes in
the mitochondria or intestine, respectively [23,26,39]. Although GP intake increased the
expression of most antioxidant genes, the oxidative stress caused by GP intake remained.
This suggests that antioxidant genes are activated against oxidative stress, but they cannot
maintain redox homeostasis in the presence of GP. Notably, we found that GP intake signif-
icantly decreased the mRNA levels of sod-3 and ctl-3, which encode for ROS-detoxifying
enzymes in the mitochondria [40]. Furthermore, ctl-3 is a germline-enriched gene [41].
These findings partly support the increase in mtROS levels caused by GP intake in the
germline and oocytes.

A simple model is beneficial for understanding sophisticated biological phenomena.
Herein, we examined the effects of maternal nutrition on oocyte quality in C. elegans using
GP intake. Based on our results, we suggest that maternal gliadin intake extrinsically
reduces oocyte quality with age by increasing mitochondrial oxidative stress, and we
propose a link between intestinal integrity and germline quality control (Figure 6).
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Figure 6. Working model: maternal gliadin peptide (GP) intake in day-3 adult C. elegans increases the
level of mitochondrial ROS (mtROS) and decreases oocyte quality with chromosomal aberrations,
consequently increasing embryonic lethality and decreasing oxidative stress resistance in offspring.

5. Conclusions

This study provides several pieces of evidence showing the harmful effects of gliadin
peptide (GP) intake on the quality of oocytes and their offspring by mitochondria oxidative
stress and disrupted intestinal integrity in a day-3 adult C. elegans model. Maternal GP
intake reduces oocyte quality by increasing chromosomal aberrations and embryonic
lethality, and decreasing oxidative stress resistance in offspring. These findings support
that maternal nutrition is strongly associated with reproductive capacity and offspring
health. In this process, there is a link between the intestine and the germ cells, exerting
clear inter-tissue interaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14245403/s1, Table S1: List of quantitative real-time PCR
primers.

Author Contributions: Conceptualization, J.H.L., H.M. and Y.-H.S.; formal analysis, J.H.L., M.L.,
H.M., E.Y. and Y.-H.S.; investigation, J.H.L., M.L., H.M. and E.Y.; resources, Y.-H.S.; data curation,
J.H.L. and M.L.; visualization, J.H.L. and M.L.; writing the manuscript, J.H.L., M.L. and Y.-H.S.;
project administration, H.M. and Y.-H.S.; supervision and funding acquisition, Y.-H.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Research Foundation of Korea (NRF), funded
by the Korean Ministry of Science and ICT (NRF-2021R1A2C1011658 to Y.-H.S.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We thank the Caenorhabditis Genetic Center, which is funded by the National
Institutes of Health (NIH) Office of Research Infrastructure Programs (P40 OD010440), for providing
the nematode strains.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/nu14245403/s1
https://www.mdpi.com/article/10.3390/nu14245403/s1


Nutrients 2022, 14, 5403 11 of 12

References
1. Nagaoka, S.I.; Hassold, T.J.; Hunt, P.A. Human Aneuploidy: Mechanisms and New Insights into an Age-Old Problem. Nat. Rev.

Genet. 2012, 13, 493–504. [CrossRef] [PubMed]
2. Rebolledo-Jaramillo, B.; Su, M.S.; Stoler, N.; McElhoe, J.A.; Dickins, B.; Blankenberg, D.; Korneliussen, T.S.; Chiaromonte, F.;

Nielsen, R.; Holland, M.M.; et al. Maternal age effect and severe germ-line bottleneck in the inheritance of human mitochondrial
DNA. Proc. Natl. Acad. Sci. USA 2014, 111, 15474–15479. [CrossRef] [PubMed]

3. Sinclair, K.D.; Watkins, A.J. Parental Diet, Pregnancy Outcomes and Offspring Health: Metabolic Determinants in Developing
Oocytes and Embryos. Reprod. Fertil. Dev. 2013, 26, 99–114. [CrossRef] [PubMed]

4. Min, H.; Kim, J.-S.; Ahn, J.; Shim, Y.-H. Gliadin Intake Causes Disruption of the Intestinal Barrier and an Increase in Germ Cell
Apoptosis in A Caenorhabditis elegans Model. Nutrients 2019, 11, 2587. [CrossRef] [PubMed]

5. Andux, S.; Ellis, R.E. Apoptosis Maintains Oocyte Quality in Aging Caenorhabditis elegans Females. PLoS Genet. 2008, 4, e1000295.
[CrossRef] [PubMed]

6. Leonard, M.M.; Vasagar, B. US Perspective on Gluten-Related Diseases. Clin. Exp. Gastroenterol. 2014, 7, 25–37. [PubMed]
7. Sulston, J.E.; Horvitz, H.R. Post-Embryonic Cell Lineages of the Nematode, Caenorhabditis elegans. Dev. Biol. 1977, 56, 110–156.

[CrossRef] [PubMed]
8. Hubbard, E.J.A. Caenorhabditis elegans Germ Line: A Model for Stem Cell Biology. Dev. Dyn. 2007, 236, 3343–3357. [CrossRef]
9. Byerly, L.; Cassada, R.C.; Russell, R.L. The Life Cycle of the Nematode Caenorhabditis elegans. Dev. Biol. 1976, 51, 23–33. [CrossRef]
10. Scharf, A.; Pohl, F.; Egan, B.M.; Kocsisova, Z.; Kornfeld, K. Reproductive Aging in Caenorhabditis elegans: From Molecules to

Ecology. Front. Cell Dev. Biol. 2021, 9, 718522. [CrossRef]
11. Gerstbrein, B.; Stamatas, G.; Kollias, N.; Driscoll, M. In Vivo Spectrofluorimetry Reveals Endogenous Biomarkers That Report

Healthspan and Dietary Restriction in Caenorhabditis elegans. Aging Cell 2005, 4, 127–137. [CrossRef] [PubMed]
12. Hall, D.H.; Winfrey, V.P.; Blaeuer, G.; Hoffman, L.H.; Furuta, T.; Rose, K.L.; Hobert, O.; Greenstein, D. Ultrastructural Features

of the Adult Hermaphrodite Gonad of Caenorhabditis elegans: Relations between the Germ Line and Soma. Dev. Biol. 1999, 212,
101–123. [CrossRef] [PubMed]

13. Shewry, P. What Is Gluten-Why Is It Special? Front. Nutr. 2019, 6, 101. [CrossRef] [PubMed]
14. Parada, A.; Araya, M. History of gluten and its effects on celiac disease. Rev. Med. Chil. 2010, 138, 1319–1325.
15. Bold, J.; Rostami, K. Non-Coeliac Gluten Sensitivity and Reproductive Disorders. Gastroenterol. Hepatol. Bed Bench 2015, 8,

294–297.
16. Lim, S.D.; Min, H.; Youn, E.; Kawasaki, I.; Shim, Y.-H. Gliadin Intake Induces Oxidative-Stress Responses in Caenorhabditis elegans.

Biochem. Biophys. Res. Commun. 2018, 503, 2139–2145. [CrossRef]
17. Perkins, A.T.; Das, T.M.; Panzera, L.C.; Bickel, S.E. Oxidative Stress in Oocytes during Midprophase Induces Premature Loss of

Cohesion and Chromosome Segregation Errors. Proc. Natl. Acad. Sci. USA 2016, 113, E6823–E6830. [CrossRef]
18. Min, H.; Youn, E.; Shim, Y.-H. Maternal Caffeine Intake Disrupts Eggshell Integrity and Retards Larval Development by Reducing

Yolk Production in a Caenorhabditis elegans Model. Nutrients 2020, 12, 1334. [CrossRef]
19. Lammers, K.M.; Lu, R.; Brownley, J.; Lu, B.; Gerard, C.; Thomas, K.; Rallabhandi, P.; Shea-Donohue, T.; Tamiz, A.; Alkan, S.;

et al. Gliadin Induces an Increase in Intestinal Permeability and Zonulin Release by Binding to the Chemokine Receptor CXCR3.
Gastroenterology 2008, 135, 194–204.e3. [CrossRef]

20. Achache, H.; Falk, R.; Lerner, N.; Beatus, T.; Tzur, Y.B. Oocyte Aging Is Controlled by Mitogen-Activated Protein Kinase Signaling.
Aging Cell 2021, 20, e13386. [CrossRef]

21. Schaar, C.E.; Dues, D.J.; Spielbauer, K.K.; Machiela, E.; Cooper, J.F.; Senchuk, M.; Hekimi, S.; Van Raamsdonk, J.M. Mitochondrial
and Cytoplasmic ROS Have Opposing Effects on Lifespan. PLoS Genet. 2015, 11, e1004972. [CrossRef] [PubMed]

22. Johnston, A.D.; Ebert, P.R. The Redox System in C. elegans, a Phylogenetic Approach. J. Toxicol. 2012, 2012, 546915. [CrossRef]
[PubMed]

23. Moreno-Arriola, E.; Cárdenas-Rodríguez, N.; Coballase-Urrutia, E.; Pedraza-Chaverri, J.; Carmona-Aparicio, L.; Ortega-Cuellar,
D. Caenorhabditis elegans: A Useful Model for Studying Metabolic Disorders in Which Oxidative Stress Is a Contributing Factor.
Oxid. Med. Cell. Longev. 2014, 2014, 705253. [CrossRef] [PubMed]

24. Leiers, B.; Kampkötter, A.; Grevelding, C.G.; Link, C.D.; Johnson, T.E.; Henkle-Dührsen, K. A Stress-Responsive Glutathione
S-Transferase Confers Resistance to Oxidative Stress in Caenorhabditis elegans. Free Radic. Biol. Med. 2003, 34, 1405–1415. [CrossRef]
[PubMed]

25. Murphy, C.T.; McCarroll, S.A.; Bargmann, C.I.; Fraser, A.; Kamath, R.S.; Ahringer, J.; Li, H.; Kenyon, C. Genes That Act
Downstream of DAF-16 to Influence the Lifespan of Caenorhabditis elegans. Nature 2003, 424, 277–283. [CrossRef]

26. Liu, X.; Liu, H.; Chen, Z.; Xiao, J.; Cao, Y. DAF-16 Acts as the “hub” of Astaxanthin’s Anti-Aging Mechanism to Improve
Aging-Related Physiological Functions in Caenorhabditis elegans. Food Funct. 2021, 12, 9098–9110. [CrossRef] [PubMed]

27. Yen, K.; Narasimhan, S.D.; Tissenbaum, H.A. DAF-16/Forkhead Box O Transcription Factor: Many Paths to a Single Fork(head)
in the Road. Antioxid. Redox Signal. 2011, 14, 623–634. [CrossRef]

28. Libina, N.; Berman, J.R.; Kenyon, C. Tissue-Specific Activities of C. elegans DAF-16 in the Regulation of Lifespan. Cell 2003, 115,
489–502. [CrossRef]

29. Jin, Y.; Zhai, Z.; Jia, H.; Lai, J.; Si, X.; Wu, Z. Kaempferol Attenuates Diquat-Induced Oxidative Damage and Apoptosis in Intestinal
Porcine Epithelial Cells. Food Funct. 2021, 12, 6889–6899. [CrossRef]

http://doi.org/10.1038/nrg3245
http://www.ncbi.nlm.nih.gov/pubmed/22705668
http://doi.org/10.1073/pnas.1409328111
http://www.ncbi.nlm.nih.gov/pubmed/25313049
http://doi.org/10.1071/RD13290
http://www.ncbi.nlm.nih.gov/pubmed/24305182
http://doi.org/10.3390/nu11112587
http://www.ncbi.nlm.nih.gov/pubmed/31717869
http://doi.org/10.1371/journal.pgen.1000295
http://www.ncbi.nlm.nih.gov/pubmed/19057674
http://www.ncbi.nlm.nih.gov/pubmed/24493932
http://doi.org/10.1016/0012-1606(77)90158-0
http://www.ncbi.nlm.nih.gov/pubmed/838129
http://doi.org/10.1002/dvdy.21335
http://doi.org/10.1016/0012-1606(76)90119-6
http://doi.org/10.3389/fcell.2021.718522
http://doi.org/10.1111/j.1474-9726.2005.00153.x
http://www.ncbi.nlm.nih.gov/pubmed/15924569
http://doi.org/10.1006/dbio.1999.9356
http://www.ncbi.nlm.nih.gov/pubmed/10419689
http://doi.org/10.3389/fnut.2019.00101
http://www.ncbi.nlm.nih.gov/pubmed/31334243
http://doi.org/10.1016/j.bbrc.2018.08.002
http://doi.org/10.1073/pnas.1612047113
http://doi.org/10.3390/nu12051334
http://doi.org/10.1053/j.gastro.2008.03.023
http://doi.org/10.1111/acel.13386
http://doi.org/10.1371/journal.pgen.1004972
http://www.ncbi.nlm.nih.gov/pubmed/25671321
http://doi.org/10.1155/2012/546915
http://www.ncbi.nlm.nih.gov/pubmed/22899914
http://doi.org/10.1155/2014/705253
http://www.ncbi.nlm.nih.gov/pubmed/24955209
http://doi.org/10.1016/S0891-5849(03)00102-3
http://www.ncbi.nlm.nih.gov/pubmed/12757851
http://doi.org/10.1038/nature01789
http://doi.org/10.1039/D1FO01069G
http://www.ncbi.nlm.nih.gov/pubmed/34397058
http://doi.org/10.1089/ars.2010.3490
http://doi.org/10.1016/S0092-8674(03)00889-4
http://doi.org/10.1039/D1FO00402F


Nutrients 2022, 14, 5403 12 of 12

30. Egge, N.; Arneaud, S.L.B.; Wales, P.; Mihelakis, M.; McClendon, J.; Fonseca, R.S.; Savelle, C.; Gonzalez, I.; Ghorashi, A.; Yadavalli,
S.; et al. Age-Onset Phosphorylation of a Minor Actin Variant Promotes Intestinal Barrier Dysfunction. Dev. Cell 2019, 51,
587–601.e7. [CrossRef]

31. Min, H.; Lee, M.; Cho, K.S.; Lim, H.J.; Shim, Y.-H. Nicotinamide Supplementation Improves Oocyte Quality and Offspring
Development by Modulating Mitochondrial Function in an Aged Caenorhabditis elegans Model. Antioxidants 2021, 10, 519.
[CrossRef] [PubMed]

32. Dimofski, P.; Meyre, D.; Dreumont, N.; Leininger-Muller, B. Consequences of Paternal Nutrition on Offspring Health and Disease.
Nutrients 2021, 13, 2818. [CrossRef] [PubMed]

33. Lee, M.; Youn, E.; Kang, K.; Shim, Y.-H. 3,3’-Diindolylmethane Supplementation Maintains Oocyte Quality by Reducing Oxidative
Stress and CEP-1/p53-Mediated Regulation of Germ Cells in a Reproductively Aged Caenorhabditis elegans Model. Antioxidants
2022, 11, 950. [CrossRef] [PubMed]

34. Imakubo, M.; Takayama, J.; Okada, H.; Onami, S. Statistical Image Processing Quantifies the Changes in Cytoplasmic Texture
Associated with Aging in Caenorhabditis elegans Oocytes. BMC Bioinform. 2021, 22, 73. [CrossRef]

35. Raices, M.; Bowman, R.; Smolikove, S.; Yanowitz, J.L. Aging Negatively Impacts DNA Repair and Bivalent Formation in the C.
elegans Germ Line. Front. Cell Dev. Biol. 2021, 9, 695333. [CrossRef]

36. Zhang, F.; You, X.; Zhu, T.; Gao, S.; Wang, Y.; Wang, R.; Yu, H.; Qian, B. Silica Nanoparticles Enhance Germ Cell Apoptosis by
Inducing Reactive Oxygen Species (ROS) Formation in Caenorhabditis elegans. J. Toxicol. Sci. 2020, 45, 117–129. [CrossRef]

37. Auten, R.L.; Davis, J.M. Oxygen Toxicity and Reactive Oxygen Species: The Devil Is in the Details. Pediatr. Res. 2009, 66, 121–127.
[CrossRef]

38. Plachot, M. Chromosomal Abnormalities in Oocytes. Mol. Cell. Endocrinol. 2001, 183 (Suppl. S1), S59–S63. [CrossRef]
39. Sun, X.; Chen, W.-D.; Wang, Y.-D. DAF-16/FOXO Transcription Factor in Aging and Longevity. Front. Pharmacol. 2017, 8, 548.

[CrossRef]
40. Miranda-Vizuete, A.; Veal, E.A. Caenorhabditis elegans as a Model for Understanding ROS Function in Physiology and Disease.

Redox Biol. 2017, 11, 708–714. [CrossRef]
41. Han, Y.; Song, S.; Wu, H.; Zhang, J.; Ma, E. Antioxidant Enzymes and Their Role in Phoxim and Carbaryl Stress in Caenorhabditis

elegans. Pestic. Biochem. Physiol. 2017, 138, 43–50. [CrossRef] [PubMed]

http://doi.org/10.1016/j.devcel.2019.11.001
http://doi.org/10.3390/antiox10040519
http://www.ncbi.nlm.nih.gov/pubmed/33810497
http://doi.org/10.3390/nu13082818
http://www.ncbi.nlm.nih.gov/pubmed/34444978
http://doi.org/10.3390/antiox11050950
http://www.ncbi.nlm.nih.gov/pubmed/35624814
http://doi.org/10.1186/s12859-021-03990-3
http://doi.org/10.3389/fcell.2021.695333
http://doi.org/10.2131/jts.45.117
http://doi.org/10.1203/PDR.0b013e3181a9eafb
http://doi.org/10.1016/S0303-7207(01)00577-9
http://doi.org/10.3389/fphar.2017.00548
http://doi.org/10.1016/j.redox.2016.12.020
http://doi.org/10.1016/j.pestbp.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28456303

	Introduction 
	Materials and Methods 
	Caenorhabditis elegans Strains and Gliadin Peptide (GP) Treatment 
	Mitochondrial Reactive Oxygen Species (mtROS) Analysis and N-Acetyl-L-Cysteine (NAC) Treatment 
	DNA Staining in Oocytes, Embryonic Lethality, and Survival Assay 
	Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) 
	Live Image Observation of Fluorescence-Tagged Transgenic Animals 
	Intestinal Barrier Function Assay 
	Statistical Analysis 

	Results 
	Mitochondrial Reactive Oxygen Species (mtROS) Production Was Increased in Gliadin Peptide (GP)-Treated Adult C. elegans 
	Oocyte Quality, Embryonic Lethality, and Oxidative Stress Sensitivity in GP-Treated Adult C. elegans and Offspring 
	N-Acetyl-L-Cysteine (NAC) Treatment Suppresses Adverse Effects of GP Intake 
	Expression of Oxidative Stress-Responding Genes Increased with GP Intake 
	GP Intake Causes Disruption of Intestinal Barrier in Adult C. elegans 

	Discussion 
	Conclusions 
	References

