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Abstract: Vitamin B12 is an essential cofactor involved in the function of two enzymes: cytosolic me-
thionine synthase and mitochondrial methylmalonic-CoA mutase. In our previous studies, caffeine
(1,3,7-trimethylxanthine), the most popular bioactivator, was shown to reduce yolk protein (vitel-
logenin) and fertility in a Caenorhabditis elegans model. Based on the previous finding that methionine
supplementation increases vitellogenesis in C. elegans, we investigated the role of vitamin B12 in
methionine-mediated vitellogenesis during oogenesis in caffeine-ingested animals (CIA). Vitamin B12
supplementation improved vitellogenesis and reduced oxidative stress by decreasing mitochondrial
function in CIA. Furthermore, the decreased number of developing oocytes and high levels of reactive

::lrl])e;gtfgsr oxygen species in oocytes from CIA were recovered with vitamin B12 supplementation through a
Citation: Min, H.; Lee, M.; Kang, S.; reduction in mitochondrial stress, which increased vitellogenesis. Taken together, vitamin B12 sup-
Shim, Y.-H. Vitamin B12 plementation can reverse the negative effects of caffeine intake by enhancing methionine-mediated
Supplementation Improves Oocyte vitellogenesis and oocyte development by reducing mitochondrial stress.
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1. Introduction

Academic Editors: Miguel A Ortega, Caffeine (1,3,7-trimethylxanthine) belongs to the methylxanthine group and is the
Miguel A. Saez, Miguel Angel most popular compound consumed worldwide in the form of tea, coffee, and caffeinated
soft drinks. Studies on caffeine intake in animal models have shown that both beneficial and
harmful effects on animal physiology depend on age and dose [1-3]. The complex effects
of caffeine make it difficult to understand its mode of action. To circumvent this problem,
a simple animal model in which the physiological effects of caffeine can be analyzed is
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dehon necessary. For this purpose, Caenorhabditis elegans is an excellent animal model because it
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at a low dose (<10 mM) reduced fertility, with defective oocytes resulting from decreased
levels of yolk protein [9]. However, the molecular mechanisms underlying the effects of

caffeine on oocyte development remain unclear.

C. elegans oogenesis provides an ideal system for characterizing a link between the
metabolic state and oocyte development. During C. elegans oogenesis, oocyte precursor
distributed under the terms and  Serm cells, which are located proximal to the distal proliferative region of the two gonad
conditions of the Creative Commons arms, enter meiosis I and II and produce an oocyte with one copy of each chromosome [10].
Attribution (CC BY) license (https://  Simultaneously, a large amount of cytoplasm accumulates in the proximal region of the
creativecommons.org/licenses /by / gonad, which mainly contains yolk proteins for early embryonic development [11]. We
40/). previously showed that maternal caffeine intake reduced vitellogenesis and reproduction,
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and increased embryonic lethality in a C. elegans model [9]. The strong relationship between
metabolism and oocyte maturation is mediated by mitochondprial activity in Drosophila and
Xenopus [12]. Moreover, female metabolic diseases cause infertility and polycystic ovary
syndrome in humans, suggesting an important link between metabolic regulation and
oocyte development [13,14]. Despite its significance, the effects of a habitual diet on normal
oocyte development and mitochondrial function remain largely unknown.

Mitochondria have essential metabolic functions and are major sites of energy produc-
tion in animals. The maintenance of mitochondrial homeostasis and integrity is critical
for cellular function and survival. In addition to energy production, mitochondria are
involved in cellular metabolism and signal transduction [15]. Mitochondrial biogenesis,
function, and antioxidant responses are closely associated with dietary conditions, includ-
ing amino acid restriction [16]. Methionine metabolism has a strong impact on oxidative
stress and mitochondrial function [17]. In addition, methionine improves egg production in
chickens [18] and milk production in dairy cows [19], suggesting that it plays an important
role in nutrient metabolism in animal reproduction. Interestingly, methionine supplemen-
tation increases vitellogenesis to mitigate the negative effects of calorie restriction in C.
elegans [20]. In methionine metabolism, vitamin B12 (cobalamin) serves as a methyl group
carrier in the methyltetrahydrofolate-homocysteine methyltransferase enzyme, also known
as methionine synthase, and as a cofactor for mitochondrial methylmalonyl-CoA mutase
(Figure 1A) [21,22]. The essential role of vitamin B12 in methionine production is emerging
because methionine is further converted to S-adenosylmethionine, which is the most im-
portant cellular methyl donor [22]. Therefore, disruption of methionine metabolism has
implications for all methylation-dependent cellular reactions, including cell proliferation,
differentiation, and epigenetic modifications [22-24].

In this study, we aimed to elucidate the beneficial role of vitamin B12 in mitigating
the negative effects of habitual caffeine intake on oocyte development, vitellogenesis, and
mitochondrial function.
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Figure 1. Effects of a bacterial vitamin B12 diet on vitellogenin (yolk protein) and larval development
in caffeine-ingested animals (CIA). (A) Vitamin B12-dependent pathways in the mitochondrion
and cytosol. (B) An experimental scheme for the effect of three different bacterial diets on CIA.
(C) Representative images and graphs show the intensity of VIT-2::GFP in OP50, HB101, and DA1877
bacteria under caffeine or caffeine-free conditions. Bar, 50 um. (D) Representative images and
graphs show the intensity of VIT-2::GFP with or without methionine (Met) treatment in CIA. Bar,
25 um. (E,F) Developmental growth (E) and body length (F) in animals fed with or without caffeine
under OP50, HB101, and DA1877 bacteria. Data represent mean =+ standard deviation. n.s., p > 0.5.
*,p <0.05.***, p < 0.001. Number of analyzed animals, n > 25 in respective conditions.

2. Materials and Methods
2.1. C. elegans Strains and Maintenance

C. elegans strains were maintained at 20 °C on nematode growth medium (NGM) agar
plates as previously described [25]. To examine the effects of caffeine intake, 10 mM caffeine
(Sigma-Aldrich, St. Louis, MO, USA) was added to NGM before autoclaving, as previously
described [9]. Synchronized L4-stage animals were exposed to caffeine for 24 h at 20 °C,
and adult-stage (24 h post-L4 stage) animals were examined. Then, 0.64 nM of vitamin B12
(Sigma-Aldrich, St. Louis, MO, USA) was added to the NGM plates. To examine the effect
of a high-peptone diet on caffeine treatment, 500 mg/mL peptone (VWR International,
Radnor, PA, USA) was added before autoclaving the basal medium. N2 (Bristol) was used
as the wild-type strain. Animals were fed a diet of Escherichia coli OP50 unless otherwise
noted. The following transgenic animals were used in this study: DH1033: bis1 [vit-2::GFP
+ rol-6(su10060)] X to observe vitellogenin gene 2 (vit-2) (NM060200) expression [26], SJ4100:
zcls13 [hsp-6::GFP] to observe a mitochondrial stress response using heat shock protein 6
(hsp-6) (NM001383301.1) expression [27], and EGD623: egxSi152 [mex-5p: tomm-20::gfp::pie-1
3'UTR + unc-119(+)] IT; unc-119(ed3) 111 to observe mitochondrial morphology using tomm-20
(NMO073691) expression [28].

2.2. Bacterial Strains

E. coli OP50, E. coli HB101, and Comamonas aq. DA1877 were obtained from the
Caenorhabditis elegans Genetics Center (University of Minnesota, 6-160 Jackson Hall, 321
Church street S.E., Minneapolis, MN, USA). For the bacterial experiments, Comamonas aq.
DA1877 was cultured overnight in LB Broth medium at 37 °C, and then incubated at 80 °C
for 120 min.
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2.3. N-Acetyl-L-cysteine (NAC) Treatment

NAC (Sigma-Aldrich, St. Louis, MO, USA) was used to examine the effect of antioxi-
dants on the effects of caffeine treatment. Synchronized L4-staged animals were placed on
NGM plates containing 5 mM NAC with either 0 mM or 10 mM caffeine NGM for 24 h at
20 °C, and then used for further experimentation.

2.4. Live Imaging of Fluorescently Labeled Animals

For live imaging under a fluorescence microscope (Zeiss Axioscope, Oberkochen,
Germany), 10-20 transgenic animals were placed in 10 puL of M9 buffer containing 0.2 mM
levamisole on a poly L-lysine-coated glass slide and covered with a coverslip. Raw images
were analyzed using Fiji/Image]J software (v1.53).

2.5. Analysis of Developmental Rate and Body Length

We measured the developmental rate of a population by synchronizing animals with
L1-stage arrest at M9 for 24 h and then allowing animals to develop for 48 h at 20 °C
under each dietary condition. The developmental rate was measured by the percentage of
larvae of the total number of hatched embryos that reached each developmental stage, as
previously described [5]. To examine body length, the synchronized animals were mounted
on agar pads in 0.2 mM levamisole, imaged under Nomarski optics, and photographed.
Images were analyzed using Fiji/Image]J (v1.53) to determine length measurements.

2.6. DNA Staining

DNA staining was performed to observe oocyte development in caffeine-ingested
animals (CIA). Briefly, the animals were fixed with 4% paraformaldehyde at 20 °C for
20 min and further fixed with 70% ethanol at 4 °C overnight. The specimens were stained
with DAPI (Thermo Scientific, Karlsruhe, Germany) to stain the DNA and observed under
a fluorescence microscope (Zeiss Axioscope, Oberkochen, Germany).

2.7. Analysis of Reactive Oxygen Species (ROS) Production in Mitochondria

To examine the effect of caffeine intake on mitochondrial ROS in oocytes, CellROX
Green (Invitrogen, Carlsbad, CA, USA) staining was performed as described previously [29].
Briefly, the CellROX Green solution (5 mM stock) was prepared and diluted at a 1:500
in M9. The animals were transferred to each condition containing the staining solution
and stained at 20 °C. The animals were mounted on poly-L-lysine-coated glass slides
and imaged using a fluorescence microscope (Zeiss Axioscope, Oberkochen, Germany).
Relative quantification of mitochondrial ROS was analyzed by Fiji/Image] software (v1.53).

2.8. Analysis of Mitochondrial Membrane Potential (MMP)

To measure mitochondrial membrane potential, tetramethylrhodamine methyl ester
(TMRM; Thermo Fisher Scientific, Waltham, MA, USA) staining was performed, as previ-
ously described [29]. After staining, the animals were mounted on poly-L-lysine-coated
glass slides and imaged using a fluorescence microscope (Zeiss Axioscope, Oberkochen,
Germany). Relative fluorescence intensity was analyzed by Fiji/Image]J (v1.53).

2.9. RNA Interference (RNAi)

Two RNAi methods were used as previously described [30,31]. The dsRNA for the vit-2
gene was synthesized in vitro using cDNA templates. cDNA templates flanked by T7 pro-
moter sequences were generated by PCR using the T7 primer (5-GTAATACGACTCACTA
TAGGGC-3') and the CMo0422 primer (5'-GCGTAATACGACTCACTATAGGGAACAAAA
GCTGGAGCT-3'). A soaking buffer without dsRNA was used as a negative mock RNAi
control. The L4-stage animals were soaked in dsRNA solution for 24 h, transferred to
plates to be grown for 24 h, and the adult-stage animals were examined. Depletion of
cco-1 was performed using the bacteria-mediated (feeding) method with E. coli HT115(DE3)
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containing the F26E4.9 (cco-1)-inserted L4440 vector. The L4440 empty vector in HT115
cells was used as an RNAIi control.

2.10. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9.3.1 software. p values
lower than 0.05 were considered statistically significant. Data graphs were plotted in
GraphPad Prism using scatter dot plots with bars or violin plots displaying the standard
deviation from the mean value. p values are shown as asterisks, and n values for each
experiment are denoted in the corresponding figure legends.

3. Results
3.1. A Bacterial Vitamin B12 Diet Improves Vitellogenesis and Developmental Growth in
Caffeine-Ingested C. elegans

Vitellogenesis (yolk protein production) is essential for reproduction during animal
development, and there is evidence that this process is well controlled in terms of where,
when, and how much protein is produced in C. elegans. We have previously shown that
caffeine intake significantly reduces vitellogenesis [9]. Recently, methionine has been
suggested to play a key function during vitellogenesis in dietary restriction [20]. Therefore,
we investigated whether methionine metabolism and vitellogenesis were regulated by
caffeine intake in C. elegans. The bacterial diet was changed from OP50 to DA1877. DA1877
is a vitamin B12-producing bacterial strain (Comamonas DA1877) in contrast to OP50,
which is an E. coli strain commonly used as a food source for C. elegans in laboratory
settings (Figure 1B). We also included HB101, another commonly used E. coli strain, which
has altered levels of carbohydrate and fatty acid composition compared to OP50 as a
control group with different micronutrients [32]. Vitamin B12 is an essential cofactor that
functions in the methionine/S-adenosylmethionine (Met/SAM) cycle, which is a part of
the one-carbon metabolism in the cytosol and the propionate catabolic pathway in the
mitochondria (Figure 1A). We hypothesized that the reduced yolk protein levels in CIA
could be recovered by administering DA1877. We observed vitellogenin gene 2 (vit-2)
expression (VIT-2::GFP) in CIA fed with different bacterial diets, including E. coli OP50,
HB101, and Comamonas DA1877, using the transgene vit-2::GFP, and we found that animals
fed Comamonas DA1877 showed increased levels of VIT-2::GFP expression compared to the
animals fed with E.coli OP50 or HB101 (Figure 1C). These results suggest that vitamin B12
supplementation improves vitellogenesis in CIA.

Next, we examined whether methionine supplementation could improve caffeine-
induced reduction in vitellogenesis in C. elegans. Adult-stage animals expressing the
transgene vit-2::GFP were observed after caffeine treatment, with or without methionine
supplementation. VIT-2::GFP expression was increased by methionine supplementation in
the CIA (Figure 1D), suggesting that a vitamin B12 diet improves methionine-mediated
vitellogenesis in CIA.

We previously found that caffeine intake affects the development and growth of C.
elegans. Therefore, we further examined the possible changes in developmental rate and
growth by feeding CIA with DA1877, a vitamin B12-producing bacteria. We measured
the developmental rate and body length of CIA-fed different bacterial diets. Surprisingly,
animals grown in DA1877 with caffeine treatment showed an enhanced developmental rate
compared with animals grown in either OP50 or HB101 with caffeine treatment (Figure 1E).
We also observed that animals grown in DA1877 with caffeine treatment showed significant
recovery in body length (Figure 1F). Based on these findings, a vitamin B12 diet appears to
improve vitellogenesis and developmental growth by modulating methionine metabolism
in CIA.

3.2. Vitamin B12 Supplementation Recovers Vitellogenesis and Mitochondrial Stress Response in
Caffeine-Ingested C. elegans

To test whether vitamin B12 production by live bacteria recovered the reduced vitel-
logenesis caused by caffeine intake, we examined the effects of caffeine intake in killed
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DA1877 bacteria, and we found that VIT-2::GFP expression was similar to that in the
OP50 diet with caffeine treatment (Figure 2A). This finding confirmed that a vitamin B12
supply is necessary to recover vitellogenesis in CIA. We next tested whether vitamin B12
supplementation in a standard OP50 diet had a similar effect (Figure 2B). In the OP50-fed
CIA with vitamin B12, the expression of VIT-2::GFP was significantly higher than that
in the control animals (Figure 2C). Moreover, no additional increase in the expression of
VIT-2::GFP was observed in animals with vitamin B12 supplementation in the DA1877 diet
with caffeine treatment (Figure 2C). These results indicate that the vitamin B12 supply in
the Comamonas DA1877 diet is sufficient to improve vitellogenesis in CIA.

Vitamin B12 is required for mitochondrial function and is an essential cofactor in
the conversion of methylmalonyl-CoA into succinyl-CoA. In our previous study, caffeine
intake caused alterations in mitochondrial activity and morphology in intestinal cells with
an increase in the expression of the mitochondrial stress response gene hsp-6 in C. elegans.
Therefore, we examined the expression of hsp-6::GFP, a mitochondrial stress response re-
porter gene, to determine whether vitamin B12 supplementation or a vitamin B12 bacterial
diet can improve caffeine-induced mitochondrial alterations. Supplementation with vi-
tamin B12 or DA1877 repressed HSP-6::GFP expression in CIA compared to that in the
OP50-fed CIA (Figure 2D). These results suggest that vitamin B12 plays a role in mitochon-
drial stress resistance. Considering that vitamin B12 plays a crucial role in the maintenance
of one-carbon metabolism with folate and methionine, and thus provides a better nutrient
environment, we tested the effects of a high-peptone diet to determine whether improved
nutrient value can confer resistance to stress induced by caffeine intake. Interestingly, when
a high-peptone diet was supplied to CIA, a mitochondprial stress response was still observed
(Figure 2D). However, animals fed the high-peptone diet supplemented with vitamin B12
showed a significantly reduced mitochondrial stress response (Figure 2D). Taken together,
these results suggest that the caffeine-induced mitochondrial stress is effectively amelio-
rated by vitamin B12 and that caffeine-induced effects on vitellogenesis and mitochondria
act through vitamin B12-dependent metabolic pathways.

3.3. Vitamin B12 Lessens Defective Oocyte Development Caused by Alterations in Mitochondrial
Morphology and Function in Caffeine-Ingested C. elegans

Yolk proteins are a major component of oocytes, and mitochondria are key organelles
that control oocyte development in C. elegans. Thus, we measured the number of oocytes
produced by C. elegans grown in the OP50, DA1877, OP50 + B12, or DA1877 + B12 diets
with or without caffeine treatment. The OP50-fed CIA showed a significant reduction in
the number of oocytes compared to animals fed a caffeine-free diet (Figure 3A). However,
CIA fed either the DA1877 diet or the diet supplemented with vitamin B12 showed a
significant increase in the number of oocytes in the gonads when compared to OP50-fed
CIA (Figure 3A). This suggests that decreased oocyte production due to caffeine intake was
recovered by vitamin B12 supplementation. Oogenesis in C. elegans is similar to that in
mammals and includes mitosis, transition zone, pachytene, diplotene, and diakinesis from
the distal tip region to the proximal region of the gonad. To verify the defects in oocyte
development induced by caffeine intake, we observed further changes in the proximal
region of the gonads, in which oocytes are located. Both the diplotene and diakinesis
stages of the oocytes were counted using DNA staining. The number of diakinesis-stage
oocytes was significantly reduced in CIA (Figure 3B-D), which was recovered by vitamin
B12 supplementation. This result indicates that vitamin B12 protects oocyte development
from caffeine inhibition at the diakinesis stage during oogenesis.



Antioxidants 2024, 13, 53

7 of 15

VIT-2::GFP

Killed OP50 Killed DA1877

Caffeine(-)

=
e
oo

x
T
£
g E. coli
8
+
VIT-2::GFP
OP50 DA1877
Caffeine(+) | ;
(OP50) ek
Caffeine(+) | m
B12 () (OP50+B12)
£ Caffeine(+) | m
£ (DA1877)
2 n.s.
s caffeine(+) | .
(DA1877+B12)
B12 (+) I 1 I 1 1
08 10 12 14 16 1.8
Relative intensity of VIT-2::GFP

HSP-6::GFP

: : .
2.0 * * ‘
1.5- ’

1.0

o
~@~
-
-3
»

0.5

0.0 I I I I

Relative intensity of HSP-6::GFP

¢ LR O O R
o & S L& &
PP EN T

o @ Ny Q;\Qv Q;\Qv R

&F F X LSS

F & &R
[ R R
¢ @ 2
()‘b (;b é}(&
&

Figure 2. Effects of vitamin B12 supplementation on vitellogenin and mitochondrial stress response

in CIA. (A) Representative images show that VIT-2::GFP transgenic animals were synchronized at the
L4 stage and fed with killed OP50 and DA1877 bacteria with or without caffeine for 24 h at 20 °C.
Bar, 50 pm. (B) An experimental scheme for effects of vitamin B12 on CIA. (C) Comparison of the
intensity of VIT-2::GFP in OP50- or DA1877-fed CIA with or without B12 supplementation. Bar,
50 pm. (D) Comparison of the intensity of HSP-6::GFP in CIA fed with OP50 or DA1877 with or
without vitamin B12, or with high peptone. Heat stress (FHS) was used as a positive control. Bar,

25 um. Data represent mean =+ standard deviation. n.s., p > 0.5. ***, p < 0.001. Number of analyzed

animals, n > 25 in respective conditions.
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Next, we examined the mitochondria in oocytes. Mitochondrial maturation, the transi-
tion from globular to tubular mitochondria, is a critical regulator of germline differentiation
during oogenesis in C. elegans [33]. We observed transgenic animals that expressed a fu-
sion protein of C. elegans mitochondrial import receptor subunit TOMM-20 and GFP as
mitochondrial markers in oocytes, the expression of which was induced in germ cells and
embryos by the mex-5 promoter. As shown in Figure 3E, the mitochondrial morphology
in the —1 oocyte was altered in CIA compared to that in animals fed a caffeine-free diet.
Mitochondria in oocytes from CIA were mostly globular, whereas mitochondria of oocytes
from CIA fed the vitamin B12 diet were significantly more tubular in shape (Figure 3E).
This morphological change in the mitochondria of oocytes induced by caffeine intake also
resulted in the alteration of mitochondrial ROS levels in the oocytes (Figure 3F). Both the
DA1877 diet and vitamin B12 supplementation reduced ROS levels, similar to the restora-
tion of mitochondrial shape in oocytes by vitamin B12 in CIA (Figure 3F). These results
suggest that caffeine intake inhibits the transition of mitochondrial morphology during
oocyte development and causes redox imbalance; however, vitamin B12 has a protective
effect on oocyte development in CIA.

Abnormal mitochondrial morphology is associated with the collapse of MMP (A¥m).
MMP is important for mitochondrial function, including ATP production and mitochondrial
dynamics. To further examine whether caffeine intake affects MMP in oocytes, we analyzed
the intensity of TMRM fluorescence in CIA oocytes with or without vitamin B12 (Figure 3G).
MMP was significantly increased in oocytes with caffeine intake compared to that in animals
of caffeine-free diet (Figure 3G). Furthermore, the increased level of TMRM fluorescence
was restored by vitamin B12 supplementation, suggesting that vitamin B12 improves MMP
in CIA oocytes.

3.4. Antioxidants Restore Vitellogenesis and Oocyte Development in Caffeine-Ingested C. elegans,
and Mitochondrial Stress Decreases Yolk Protein Production in Oocytes

Vitamin B12 appears to possess antioxidant properties, and B12 deficiency results
in oxidative stress [34]. The increased levels of ROS and TMRM in CIA were reduced
by vitamin B12 supplementation, suggesting that vitamin B12 has a function in oxidative
stress resistance. To determine whether caffeine-induced mitochondrial alterations and the
reduction in vitellogenesis in oocytes were associated with oxidative stress, we observed
mitochondrial morphology and ROS levels in CIA oocytes after treatment with the strong
antioxidant NAC (Figure 4A). NAC supplementation in CIA partially restored mitochon-
drial morphology and reduced ROS levels in oocytes (Figure 4A,B). Furthermore, we found
that the reduced expression of VIT-2::GFP and oocyte production in CIA increased with
NAC supplementation (Figure 4C). These findings indicate that mitochondrial dysfunction,
reduced vitellogenesis, and reduced oocyte numbers in CIA were due to oxidative stress.
Surprisingly, VIT-2::GFP expression and the number of oocytes increased when vitamin
B12 was supplemented with NAC (Figure 4C,D). Collectively, these findings indicate that
vitamin B12 exerts antioxidant effects.
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Figure 3. Effects of vitamin B12 on oogenesis in CIA. (A) Quantification of the number of oocytes
produced by CIA fed with OP50 or DA1877 with or without vitamin B12. (B-D) Representative
gonad images of DAPI staining (B) show the number of germ nuclei in diplotene (C) and diakinesis
(D) in CIA fed the corresponding bacterial diet with vitamin B12 supplementation. The red dotted
line indicates diplotene. Bar, 20 um. The yellow-colored number indicates the developing oocytes
that aligned from the proximal region; d, distal side of the gonad arm; p, proximal side of the gonad
arm. (E) Comparison of mitochondrial morphology in the oocytes of caffeine-ingested EGD623
(egxSi152 [mex-5p: tomm-20::gfp::pie-1]) transgenic animals fed OP50 or DA1877 and supplemented
with or without vitamin B12. The type of mitochondrial morphology was classified as tubular or
globular. Bar, 5 um. (F,G) Comparison of mitochondrial reactive oxygen species through CellROX
Green staining (F) and mitochondrial membrane potential through TMRM staining (G) in the oocytes
of CIA fed with OP50 or DA1877 supplemented with or without vitamin B12. Bar, 5 um. The violin
plot shows the relative level of intensity of CellRox Green (F). The line graph shows the relative
intensity of TMRM in oocytes. Data represent mean =+ standard deviation. n.s., p > 0.05. ***, p < 0.001.
Number of analyzed animals, n > 20 in respective conditions.
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Figure 4. The antioxidant effect of vitamin B12 on oocyte mitochondria and vitellogenin in CIA.
(A) Comparison of mitochondrial morphology in the oocytes of transgenic animals (EGD623, egxSi152
[mex-5p:: tomm-20::gfp::pie-1]) fed with or without caffeine after NAC treatment. Bar, 5 um. The graph
shows the distribution of mitochondrial morphology in the —1 oocyte. (B) Representative images
and graphs show the relative level of mitochondrial reactive oxygen species using CellROX Green
dye in the oocytes of CIA with NAC treatment. Bar, 5 um. (C) Comparison of the relative intensity
of VIT-2::GFP in CIA supplemented with NAC or NAC + vitamin B12. Bar, 50 um. (D) The graph
shows the number of diakinesis oocytes in CIA supplemented with NAC or NAC + vitamin B12.
Data represent mean =+ standard deviation. *, p < 0.05. **, p < 0.01. ***, p < 0.001. Number of analyzed
animals, n > 20 in respective conditions.

To further investigate the possible correlation between the reduction in vitellogenesis
and mitochondrial stress response in CIA, we performed vit-2 or cco-1 RNAI on either
TOMM-20::GFP or HSP-6::GFP transgenic animals (Figure 5). cco-1 is a gene that induces
the specific mitochondrial stress response, TOMM-20::GFP is a marker of mitochondrial
morphology in oocytes, and HSP-6::GFP is used to assess the mitochondrial oxidative stress
response in the intestine. After vit-2 RNAI, the animals showed no significant changes in
either oocytes or intestine compared to the control animals (Figure 5A-C), suggesting that
the reduction in vitellogenesis did not affect mitochondrial alterations. However, animals



Antioxidants 2024, 13, 53

11 of 15

treated with cco-1 RNAi showed reduced levels of VIT-2::GFP expression in contrast to
increased HSP-6::GFP expression (Figure 5C,D). These results suggest that a reduction in
vitellogenin did not induce mitochondrial alterations, but that vitellogenesis was decreased
by mitochondrial stress.
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Figure 5. Correlated effects of vitellogenin and mitochondrial stress. (A) vit-2 RNAi effectively
suppressed in VIT-2:GFP transgenic animals. Representative images of VIT-2::GFP transgenic
animals following vit-2 RNAi treatment. Bar, 25 um. ***, p < 0.001. Number of analyzed animals,
n > 20 in respective conditions. (B) The representative images and bar graph show the comparison
of mitochondrial morphology in the oocytes of EGD623 (egxSi152 [mex-5p:: tomm-20::gfp::pie-1])
transgenic animals treated with mock or vit-2 RNAI. Bar, 5 um. (C) Representative images and violin
plots show the comparison of the relative intensity of HSP-6::GFP treated with mock, vit-2, and cco-1
RNAI. cco-1 RNAi was used as a positive control to induce the mitochondrial stress response. Bar,
25 um. (D) Representative images and a violin plot show the comparison of the relative intensity of
VIT-2::GFP treated with mock and cco-1 RNAi. Bar, 25 pm. Data represent mean =+ standard deviation.
ns., p > 0.5. **, p < 0.01. Number of analyzed animals, n > 20 in respective conditions.

4. Discussion

Nutritional diets are critical regulators of animal growth and development. In particu-
lar, the vitamin B group appears to be essential; for example, vitamin B12 deficiency causes
defects in development [35]. Here, we found that vitamin B12 supplementation recovered
caffeine-induced negative effects on reproduction by reducing mitochondrial oxidative
stress and increasing yolk protein levels in oocytes.
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Caffeine intake interfered with morphological changes during mitochondrial matu-
ration in oocytes, whereas vitamin B12 appeared to protect this process (Figure 6). It was
recently reported that caffeine can lead to mitochondrial fission through the cAMP/PKA /
AMPK signaling pathway, and that caffeine-induced mitochondrial fission is an important
process in cell migration in the human endothelial cell system, suggesting that caffeine
induces angiogenesis by modulating endothelial mitochondrial dynamics [36]. Consistent
with this finding, we found that caffeine intake disrupted the morphological maturation
of oocyte mitochondria, resulting in the inhibition of oocyte development. How does
caffeine intake affect mitochondrial morphological dynamics and function? Previous
studies have shown that caffeine induces the activity of ryanodine receptors—a family
of Ca?* release channels in intracellular Ca?* storage/release organelles—and stimulates
the release of Ca* to increase Ca®* concentration in the cytoplasm, forming a complex
with calmodulin [37]. An increased level of intracellular Ca%* has been shown to promote
mitochondrial fission [38], suggesting that caffeine exerts a negative effect on oocyte devel-
opment by inhibiting mitochondrial dynamics through the alteration of cytoplasmic Ca2*
concentration.
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Figure 6. The illustration proposes a working model for this study.

Vitellogenins, which are yolk proteins, are exclusively expressed in the adult intestine
and supply nutrients to developing oocytes to support offspring development [39,40].
Recent extensive genetic studies have shown that multiple regulators and pathways are
directly or indirectly involved in vitellogenesis in C. elegans [40]. Various signaling path-
ways, such as the insulin/insulin-like growth factor signaling, target of rapamycin, and
TGF-p pathways, regulate the expression of vitellogenins in response to environmental
conditions [40]. In our previous study, we demonstrated that maternal caffeine intake
reduced yolk protein production by regulating unc-62 expression, which caused the dis-
ruption of eggshell integrity and the inhibition of larval development [9]. In this study, we
found that the mitochondrial stress response to caffeine intake reduced vitellogenesis in
C. elegans by markedly decreasing vit-2 expression following cco-1 RNAi depletion, but
not vice versa. These findings suggest that mitochondria play an important role in the
regulation of yolk protein production. Considering the role of the unc-62 transcription
factor [9], there is a possible link between mitochondrial alterations and the nuclear tran-
scriptional regulation of vitellogenesis in CIA. Studies on Saccharomyces cerevisiae have
revealed a communication network that harmonizes with the functions of the nucleus,
cytosol, and mitochondria [41]. Mitochondria-to-nucleus communication is activated by
mitochondrial dysfunction, including alterations in MMP, the TCA cycle, and oxidative
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phosphorylation genes [41]. Mitochondrial defects induce an adaptive transcriptional
response that compensates for mitochondrial dysfunction to restore metabolic fitness and
cellular homeostasis. Interestingly, hypoxia-inducible factor-1 (HIF-1) mediates adaptive
responses to oxidative stress via nuclear translocation and the regulation of gene expres-
sion [42]. HIF-dependent regulation in mitochondrial function appears to be dependent
on HIF-1 nuclear translocation or by directly targeting mitochondria [43,44]. Therefore,
one intriguing hypothesis is that mitochondrial stress in oocytes caused by caffeine intake
is conveyed to the nucleus to repress the expression of unc-62, resulting in a decrease in
vitellogenesis, and thus a reduction in reproduction, which remains to be determined.

C. elegans has emerged as an important model in the field of environmental toxicology.
Although we found that caffeine intake showed the alterations in mitochondrial function
during oocyte development in C. elegans, there are limitations in applying it to directly
the physiological correlation between C. elegans and humans. Moreover, because of the
drug delivery methods for C. elegans, which were indirect and often varied from one
to another [45-48], a poor absorption issue through the cuticle, and perhaps changes in
behavior that impede the uptake of many chemicals, the caffeine concentration treated to
C. elegans in this study may be variable. Therefore, to clarify the physiological correlation
with human by caffeine intake, it is required to measure the actual absorption of caffeine
intake in C. elegans.

In this study, we demonstrated that morphological and functional changes in mito-
chondria caused by caffeine intake affected oocyte development, which was recovered by
vitamin B12 supplementation. These findings suggest that vitamin B12 plays a protective
role in mitochondprial function and morphological maturation during oocyte development.
Furthermore, we demonstrated the beneficial effects of vitamin B12 in CIA on vitellogenesis
at the adult stage and the early developmental growth of C. elegans, indicating that vitamin
B12 is required at all developmental stages. Taken together, this study provides important
insights into the beneficial role of vitamin B12 supplementation in mitochondrial function
under stressful environments due to various dietary conditions, and thus improves oocyte
development through yolk protein production.

5. Conclusions

In summary, we found beneficial effects of vitamin B12 in vitellogenesis and the
mitochondrial stress response during oogenesis in CIA. Moreover, both the decreased
number of developing oocytes and the elevated levels of ROS in oocytes from CIA were
recovered by vitamin B12 supplementation through the improved mitochondrial function.
This study shows that vitamin B12 supplementation plays a protective role in vitellogenesis
and oocyte development by the maintenance of mitochondrial function in CIA.
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