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Abstract

Maternal zinc deficiency significantly influences fetal development and long-term health outcomes, yet its transgenerational effects remain poorly un-
derstood. This study aims to investigate the transgenerational effects of maternal zinc deficiency on metabolic outcomes in Drosophila melanogaster. Zinc
deficiency was induced in Drosophila by incorporating TPEN (N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine) into their diet. Offspring (F1 to F3) were
maintained on a standard diet for subsequent analyses. Various metabolic markers, including glucose, trehalose, glycogen, and triglyceride levels, were
assessed, and gene expression analyses were conducted to examine the molecular responses across generations. Significant reductions in locomotor perfor-
mance in female F1 flies and increased body weight in the F2 generation were observed. Maternal zinc deficiency exhibited gender- and generation-specific
impacts on metabolic markers. Notably, an adaptive response in the F3 generation included increased catalase activity and total antioxidant capacity, along
with decreased malondialdehyde levels. Gene expression analyses revealed upregulation of DILP2 mRNA across generations and significant variations in
PEPCK, SOD1, CAT, EGR, and UPD2 mRNA levels, demonstrating intricate responses to maternal zinc deficiency. This study provides a holistic understanding
of the consequences of maternal zinc deficiency, emphasizing the complex interplay between zinc status and metabolic outcomes across generations in
Drosophila. These findings lay the foundation for future research elucidating the underlying molecular mechanisms, with potential implications for humans.
The insights gained contribute to informing targeted interventions aimed at optimizing offspring health in the context of maternal zinc deficiency.
© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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1. Introduction ment [2-4]. However, a comprehensive exploration of the enduring

consequences of maternal zinc deficiency across successive gener-

Maternal nutrition is a critical determinant of foetal develop-
ment and long-term health outcomes, shaping the trajectory of off-
spring well-being across generations. As an essential micronutrient,
zinc is involved in diverse physiological processes that are essential
for optimal growth, neurodevelopment, and metabolic homeostasis
[1]. The significance of maternal zinc sufficiency during pregnancy
is well-established, with research primarily focusing on immedi-
ate outcomes such as birth weight and neurocognitive develop-
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ations remains a significant gap in our understanding of develop-
mental and health trajectories.

Zinc is an essential trace element integral to the function of nu-
merous enzymes, transcription factors, and signalling pathways in-
volved in cellular growth and differentiation. Its role as a cofactor
in DNA synthesis, cell division, and gene expression underpins its
importance during periods of rapid foetal growth and organ de-
velopment [5,6]. Moreover, zinc is recognized for its involvement
in neurodevelopment, influencing processes such as synaptogen-
esis and neurotransmitter function [7,8]. Consequently, deviations
from optimal zinc levels during pregnancy may disrupt these in-
tricate processes, leading to a spectrum of adverse outcomes that
extend beyond the immediate perinatal period.

0955-2863/© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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The involvement of zinc in glucose metabolism is highlighted
by its impact on insulin synthesis, secretion, and action. Zinc
serves as an integral component of the insulin hexamer structure
and is involved in the synthesis and processing of proinsulin [9].
Consequently, adequate zinc levels are crucial for maintaining in-
sulin function and glucose homeostasis. Studies have demonstrated
that zinc deficiency can impair insulin sensitivity and disrupt glu-
cose regulation [10]. This disruption is often associated with de-
creased insulin receptor phosphorylation and compromised glu-
cose transporter function. The interplay between zinc and insulin
signalling pathways extends to the regulation of key enzymes in-
volved in glucose metabolism, such as glycogen synthase and phos-
phoenolpyruvate carboxykinase (PEPCK). Zinc acts as an insulin-
mimetic, promoting glycogen synthesis and inhibiting gluconeoge-
nesis through its impact on these enzymes [11].

Oxidative stress, characterized by an imbalance between reac-
tive oxygen species (ROS) production and the antioxidant defence
system, is closely linked to zinc status [12]. Zinc serves as a cofac-
tor for several antioxidant enzymes, including superoxide dismu-
tase (SOD) and metallothioneins [13]. These enzymes play a pivotal
role in neutralizing ROS and preventing cellular damage. In condi-
tions of zinc deficiency, a reduction in the activity of these antioxi-
dant enzymes can occur, leading to increased oxidative stress. This
oxidative stress, in turn, contributes to insulin resistance, further
exacerbating disturbances in glucose metabolism [12].

Inflammation is closely linked to both zinc deficiency and
oxidative stress. Zinc deficiency can potentiate inflammation by
activating proinflammatory transcription factors, such as nuclear
factor-kappa B (NF-«B), and promoting the release of inflammatory
cytokines [14,15]. Conversely, inflammation can induce zinc redis-
tribution within the body, leading to decreased zinc availability in
target tissues [16]. This bidirectional relationship contributes to a
proinflammatory state that can impair insulin signalling and exac-
erbate insulin resistance.

Moreover, the anti-inflammatory properties of zinc are ev-
ident in its ability to inhibit the production of proinflamma-
tory cytokines, such as tumour necrosis factor-alpha (TNF-«¢) and
interleukin-6 (IL-6) [17]. Zinc achieves this by modulating NF-
kB signalling and influencing immune cell function. The anti-
inflammatory effects of zinc contribute to its potential role in mit-
igating insulin resistance and preserving glucose homeostasis.

Despite the wealth of knowledge on the acute effects of mater-
nal zinc deficiency, our understanding of how these effects echo
across generations is limited. This study aims to bridge this critical
gap by examining the transgenerational impact of maternal zinc
deficiency on the physiological parameters of Drosophila offspring.
The Drosophila melanogaster model provides a valuable platform for
investigating the multigenerational consequences of maternal nu-
trition due to its short generation time, ease of genetic manipula-
tion, and conservation of essential biological pathways.

This study encompasses a holistic approach, delving into
various facets of physiological well-being, including alterations
in Drosophila body weight, locomotor performance, glucose
metabolism, antioxidant defences, and inflammation. By assessing
these diverse aspects, we aim to unravel the interconnected mech-
anisms through which maternal zinc status influences the health
outcomes of successive generations.

2. Materials and methods
2.1. Drosophila melanogaster (Fruit fly) husbandry
The fruit flies used in this study were the W8 strain

Drosophila melanogaster acquired from the fly laboratory of the
Centre for Advanced Medical Research and Training (CAMRET) at

Usmanu Danfodiyo University, Sokoto, Nigeria. They were cultured
and maintained at an optimum temperature of 22-25°C, 50-60%
relative humidity, had access to a standard cornmeal diet com-
posed of corn flour, agar, yeast, methyl paraben, and distilled wa-
ter, as well as a natural light-dark cycle. The parent flies (FO)
were made zinc-deficient by incorporating a zinc-chelator, TPEN
(N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine), at the con-
centration of 100 uM into their diet [18]. The diets were changed
weekly to prevent contamination.

2.2. Experimental design

Gravid female flies aged 7-10 days were divided into two
groups. Flies in the first group were transferred to a zinc-chelated
diet for 24 hours to lay eggs. The second group of flies were trans-
ferred to a normal diet for egg-laying. The eggs from each group
developed on their respective diets (zinc-chelated or normal). The
resulting adult flies from the first and second groups were col-
lected as the zinc-deficient and control FO generation respectively
(Fig. 1). To obtain subsequent generations (F1-F3) for the control
group, virgin females (4 to 6 hours after eclosion) from the previ-
ous generation were mated with age-matched control males (seven
to ten days post-eclosion). For the zinc deficient group; virgin fe-
males from the zinc-deficient FO generation mated with control
males produced the F1 generation, virgin females from the F1 gen-
eration mated with control males produced the F2 generation, and
virgin females from the F2 generation mated with control males
produced the F3 generation (Fig. 2). Importantly, all offspring from
F1 to F3 generations were maintained on a normal diet for seven
days before analysis of physical variables, biochemical variables,
and gene expression.

2.3. Elemental analysis of fly body zinc level

Upon culturing the parent flies from embryo to adult stage on
zinc-chelated diet, the total body zinc levels was assessed using
Agilent Microwave Plasma Atomic Emission Spectrometer, MP-AES,
(MY19479002, SC, USA). Ten adult female flies aged seven to ten
days were collected in triplicate, anaesthetized by ice immobiliza-
tion, and then rinsed with distilled water. The flies were digested
in 1ml of 65% nitric acid (HNO3) in a sterile microcentrifuge tube.
The mixture was heated to 100°C for 10 minutes on a heating
block. It was subsequently cooled, diluted to 5 mL with distilled
water and analysed for total body zinc concentration against the
calibration curves obtained between 0.00 and 6.00 ppm on the
MPAES. More details on the MPAES can be found in the supple-
mentary information.

2.4. Body weight measurement

Flies were anaesthetized by cooling on ice and weighed in
groups of ten in triplicate per group (n=30). The weight was
recorded in milligrams using a sensitive electronic weighing bal-
ance (Kern & Sohn Ltd Balingen, Germany).

2.5. Locomotor performance (negative geotaxis assay)

Flies were placed in an empty 50 mL measuring cylinder with a
line 6 cm from the bottom. They were gently tapped to the bottom
of the vial and the number of flies able to cross the line within 10
s were recorded. This was repeated thrice for each vial, and the
percentage of live flies climbing above the line was averaged for a
given group [19].
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Fig. 1. Experimental design. Gravid female flies (7-10 days old) were divided into two groups: zinc-deficient (fed a zinc-chelated diet) and control (fed a normal diet) for egg
laying (FO generation). Eggs from each group developed on their respective diets. Virgin females (4-6 hours after eclosion) from each subsequent generation (FO for control,
zinc-deficient FO for experimental) were mated with age-matched control males (7-10 days post-eclosion) to produce F1, F2, and F3 generations. All offspring (F1-F3) were

raised on a normal diet for 7 days before analysis.

2.6. Biochemical analysis

2.6.1. Sample preparation

A pool of ten flies in triplicate per group (n=30) were trans-
ferred to empty vials, and kept for 1 hour to eliminate their gut
content. They were anaesthetized by cooling, rinsed in phosphate
buffered saline (PBS) (pH 7.4 at 1:5 ratio (w/v)), homogenized,
and then centrifuged at 3,000 x g for 6min in a refrigerated cen-
trifuge (MX-301 Highspeed, Tomy Kogyo Co., Ltd., Tagara, Japan)
at 4°C [20]. After centrifugation, the supernatant containing the
haemolymph was used for the biochemical assays.

2.6.2. Glucose assay

The haemolymph glucose level was determined using the
Spinreact™ kit (Girona, Spain) according to the manufacturer’s
protocol. The absorbance of the samples and standard was read
against the blank at 505 nm. The concentration was calculated us-
ing the following formula.

Glucose concentration (mg/dL)
= Absorbance of the sample/Absorbance of the standard x 100

2.6.3. Trehalose assay

Trehalose level of haemolymph was quantified using the An-
throne colorimetric method (Solarbio Life Science, Beiging, China)
according to the manufacturer’s protocol. The absorbance of sam-
ples was read at 620 nm. The final concentration was calculated
using the following formula.

Trehalose(mg/g sample) = Concentrations fromy
—axis/Fresh weight of the sample

2.6.4. Glycogen assay

Glycogen level in the haemolymph was determined using the
Anthrone method (Solarbio Life Science, Beiging, China) according
to the manufacturer’s protocol. The absorbance was detected at
620 nm. The final concentration was calculated using the follow-
ing formula.

Glycogen (mg/g fresh weight) = (Cs x V1) x (A3 — Al)
+ (A2 —Al) = (W x V1 = V2)
= 1.1

Where 1.11= is a constant that glucose content converted to
glycogen content; Cs=the concentration of the standard, 0.1
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Fig. 2. The breeding schema for the fly crossing in both the zinc-deficient and control groups. In the zinc-deficient group, zinc-deficient FO females were crossed with control
males to produce F1 offspring. Then, F1 females were crossed with control males to obtain F2, and subsequently, F2 females were crossed with control males to obtain F3.
Conversely, in the control group, normal diet-fed male and female FO flies were initially crossed to generate F1 offspring. Then, both male and female F1 flies were crossed to

produce F2, and finally, male and female F2 flies were crossed to generate F3.

mg/mL; Vi=sample volume, 25 pL; V2=extraction volume, 1 mL;
W=sample weight; Al=absorbance of blank; A2=absorbance of
standard; A3=absorbance of sample.

2.6.5. Triglyceride assay

The triglyceride level in the haemolymph was quantified using
a colorimetric kit (Spinreact, Girona, Spain) according to the manu-
facturer’s protocol. The absorbance (A) of the samples and standard
were read against the blank at 505 nm. The triglyceride concentra-
tion was calculated as follows.

Triglycerides (mg/dl) = A(Sample) — A(Blank)/A(Standard)
— A(Blank) x 100

2.6.6. Catalase (CAT) assay

CAT level in haemolymph was detected using a colorimetric as-
say kit (Solarbio Life Science, Beiging, China) according to the man-
ufacturer’s protocol. The principle is based on its action in decom-
posing H,0, into H,0 and O, and absorbance detected at 240 nm.
The final concentration was calculated using the following formula.

CAT activity (U/mL) = (AA x Extractionvolume + (¢ x d) x 10°)
~+ Sample volume - Reaction time.

Where €=molar coefficient and d=light path.

2.6.7. Total antioxidant capacity (TAOC) assay

Total antioxidant capacity was determined in the haemolymph
using a colorimetric assay kit (Solarbio Life Science, Beiging, China)
according to the manufacturer’s protocol. The kit is used to de-
tect the total antioxidant levels of antioxidants and antioxidant en-
zymes in a given sample. In principle, Fe>*-TPTZ is reduced to blue
Fe*-TPTZ. This colour reaction reflects the total antioxidant capac-
ity. The final concentration was obtained from the following for-
mula.

Total antioxidant capacity (umol/mL) = X x Viv <+ Vs = 34 x x

Where Vrv: total reaction volume, 1.02 mL; Vs: sample volume,
0.03 mL; x: concentration from the standard curve.

2.6.8. Malondialdehyde (MDA) assay

MDA level in the haemolymph was determined by lipid peroxi-
dation assay colorimetric kit (Solarbio Life Science, Beiging, China)
according to the manufacturer’s protocol. The final concentration
was calculated using the following formula.

MDA (nmol/g) = 5(6.45 x (AA532 — AAG00) — 1.29 x AA450)

~+ sample weight



K.O. Sanusi, M.B. Abubakar, K.G. Ibrahim et al./Journal of Nutritional Biochemistry 130 (2024) 109669 5

2.7. Gene expression analysis

2.7.1. Extraction of RNA

RNA was extracted from 45 flies aged seven to ten days taken
from each group, using the nucleic acid isolation kit obtained from
Hunan Runmei Gene Technology Co., Ltd, following the manufac-
turer’s instructions. The extracted RNA purity readings were deter-
mined using the Bioevopeak Nucleic Acid Analyzer (SP-MUV2000F,
Jinan, Shandong, China), and readings A260/230 and A260/280 of
1.8 to 2.2 were considered for this study.

2.7.2. Primer design

The PrimerQuest software (https://www.idtdna.com/
PrimerQuest/Home/Index) was used to design the primers for
the genes of interest using sequences obtained from the GenBank
Database of the National Centre for Biotechnology Information
(Table 1). The mRNA expression of genes involved in some relevant
metabolic pathways such as insulin signalling (DILP2- insulin-like
peptide 2), gluconeogenesis (PEPCK - phosphoenolpyruvate
carboxykinase), antioxidant defence (SODI1- Cu, Zn superoxide
dismutase and CAT- catalase), and inflammation (UPD2- unpaired
2 and EGR- Tumour necrosis factor eiger) were assessed. RPL32
was used as the housekeeping gene.

2.7.3. Reverse transcription quantitative polymerase chain reaction
(RT-qPCR) analysis

To perform RT-qPCR, the TransScript Green One-Step qRT-PCR
SuperMix (AQ211) kit from TransGen Biotech Co., Ltd (Beijing,
China) was used in accordance with the manufacturer’s instruc-
tions. The reaction mixture contains the RNA template (200ng/ul
each), forward primer (0.4 uL of 10 uM), reverse primer (0.4 uL
of 10 pM), SuperMix (10 pL), Enzyme mix (0.4 uL), and RNase-
free water, resulting in a final volume of 20 pL. The mixture was
then loaded onto a Rotor-Gene Q-5plex HRM platform thermal cy-
cler (Qiagen, Hilden, Germany) and subjected to the following cy-
cling conditions: 45°C for 5 minutes (reverse transcription), 94°C
for 30 seconds (predenaturation), followed by 40 cycles of 94°C
for 5 seconds (denaturation), corresponding annealing temperature
(Table 1) for 15 seconds, and 72°C for 10 seconds (extension). The
fold change was calculated using the comparative CT method with
the formula 2-2ACT,

2.8. Data analysis

Statistical analysis was performed using GraphPad Prism
9.5.1.733 (GraphPad Software Inc, San Diego, CA). Student’s t-test
was used to analyse the data obtained from FO, while a two-way
analysis of variance (ANOVA) was used to analyse the data ob-
tained from F1 to F3, followed by Bonferroni’s multiple compar-
ison post hoc test. The data were presented as mean =+ standard
deviation. Statistical significance was determined at a P<.05.

3. Results
3.1. Effect of maternal zinc deficiency on body zinc level

Dietary zinc-chelation significantly (P<.05) reduced body zinc
level in female parent (FO) compared to control. Interestingly, all
offspring of zinc-deficient female flies also had significant (P<.05)
reduction in body zinc level compared to control except the male
offspring at F3, which was not significantly (P>.05) different from
control (Table 2).

3.2. Effects of maternal zinc deficiency on body weight and
locomotor performance

From F1 to F3, female offspring consistently demonstrated a sig-
nificantly (P<.05) higher weight compared with the male. How-
ever, no significant differences (P>.05) were observed in the body
weight of both the zinc-deficient parent and their offspring when
compared to the control group, except for the F2 generation,
which was significantly (P<.05) increased (Fig. 3A-D). In addi-
tion, no significant (P>.05) differences were observed in the lo-
comotor performance of both the parent and their offspring, ex-
cept for the female F1 flies, which showed a significant (P<.05)
reduction compared to the control and their male counterpart
(Fig. 3E-H).

3.3. Effects of maternal zinc deficiency on glucose and trehalose levels

In the zinc-deficient parent flies, a significant (P<.05) increase
in glucose levels was observed compared to the control group. In
the F1 and F3 generations, both male and female offspring from
zinc-deficient mothers exhibited a significant (P<.05) reduction in
glucose levels. However, in the F2 generation, there was no sig-
nificant (P>.05) difference in glucose levels between male and

Table 1

List of primer sequences.

S/N Gene Accession Primer Sequence Annealing Temperature

1 SoD1 NM_057387 Forward CGGTCACACCATAGAAGATACC 65
Reverse CAGACAGCTTTAACCACCATTTC

2 CAT NM_080483 Forward TGGTCGTCTGTTCTCCTACT 65
Reverse CCGCTGGAAGTTCTCAATCT

3 DILP2 NM_079288 Forward GTACTCAATTCCCTGGCTGAA 55
Reverse CGCAGAGCCTTCATATCACA

4 PEPCK NM_079060 Forward TCAATGGCGAATCCTGCTAC 60
Reverse CTTCACGTCCACCTTATCCTTC

5 UPD2 NM_001370039 Forward TTGACCATAAACGCCTCCTATC 60
Reverse GTGAAAGTTGAGACGCTCCT

6 EGR NM_165735.4 Forward TGAGGCAACTTCCAAAGAGAG 60
Reverse CGGATCTGGCTGAAAGAAGAG

7 RPL32 NM_170460.2 Forward GGATCGATTCCTGTGAGAGTTC 60
Reverse TGGGCAGTATCCATTGAGTTT

CAT, Catalase; dILP2, Drosophila Insulin like peptide-2; EGR, Eiger; PEPCK, Phosphoenolpyruvate carboxykinase; RPL-32- 60S, ribosomal
protein large subnunit-32; SOD1. Superoxide dismutase 1; UPD2, Unpaired 2.
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Table 2
Transgenerational zinc levels (FO-F3).

Generation Gender Group Body zinc level
FO Female Control 0.05000+0.00001
Zinc-deficient 0.03000+0.00033*
Male Control 0.05218-+0.00185
F1 Zinc-deficient progeny 0.04678-+0.00006*
Femnale Control 0.06285-+0.00002
Zinc-deficient progeny 0.05503+0.00001*
Male Control 0.05218-+0.00185
F2 Zinc-deficient progeny 0.03631+0.00168*
Femnale Control 0.06285-+0.00002
Zinc-deficient progeny 0.02526+0.00865*
Male Control 0.05218-+0.00185
F3 Zinc-deficient progeny 0.05723+0.00009*
Femnale Control 0.06285-+0.00002
Zinc-deficient progeny 0.03370+0.00292*

Samples were analysed on MPAES (microwave plasma atomic emission spectrometry), and values are expressed
as mean + SD (n = 30). FO data were analysed using Student’s t-test, while a two-way ANOVA was used to
analyse the data from F1 to F3, followed by Bonferroni’s multiple comparison post hoc test.

* Data with asterisks are significantly (P < .05) different from corresponding control.
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while F1-F3 data were analysed using two-way ANOVA followed by Bonferroni’s post hoc test. Asterisks represent significant difference at varying P-value (*: .0332, **: .0021,
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female offspring and the control group (Fig. 4A-D). In addition,
zinc deficiency resulted in a significant (P<.05) increase in tre-
halose levels in the female parent compared to the control. How-
ever, both male and female F1 generations exhibited a significant
(P<.05) decrease in trehalose levels. The F2 and F3 generations
showed a similar pattern with the zinc-deficient mothers, display-
ing a significant (P<.05) elevation in trehalose levels compared to
the control. Notably, the trehalose levels in male F2 and F3 flies
were significantly (P<.05) higher than in their female counterparts
(Fig. 4E-H).

3.4. Effects of maternal zinc deficiency on glycogen and triglyceride
levels

In the FO generation, zinc deficiency led to a significant (P<.05)
decrease in glycogen levels compared to the control. In the F1
generation, male offspring exhibited significantly (P<.05) higher
glycogen levels, while no significant (P>.05) difference was ob-
served in the females compared to the control. However, the F2
and F3 generations demonstrated a similar pattern with the zinc-
deficient mothers, showing a significant (P<.05) decrease in glyco-
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gen level compared with the control (Fig. 5A-D). In addition, no
significant (P>.05) difference in triglyceride levels was observed
in the female parent compared to the control. However, in the
F1 generation, both male and female offspring from zinc-deficient
mothers exhibited a significant (P<.05) increase in triglyceride lev-
els. In the F2 generation, a significant (P<.05) reduction was ob-
served in the male triglyceride levels, while the females showed
no significant (P>.05) difference compared to the control. In the
F3 generation, both male and female offspring showed a signifi-
cant (P<.05) decrease in triglyceride levels compared to the control
(Fig. 5E-H).

3.5. Effects of maternal zinc deficiency on catalase activity, total
anti-oxidant capacity and malondialdehyde levels

Zinc deficiency in the FO resulted in a significant (P<.05) de-
crease in catalase activity compared to the control. However, a sig-
nificant increase was observed in both the male and female F1
flies. Subsequently, no significant (P>.05) difference was observed
in F2, whereas a significant (P<.05) reduction was observed in F3
compared to the control (Fig. 6A-D). Assessing the total antioxi-
dant capacity (TAOC), a significant reduction (P<.05) in TAOC was
observed in the FO generation as well as in male and female F1
flies. In the F2 generation, no significant (P>.05) difference was
observed in the male and female flies compared to the control.
However, a significant (P<.05) increase in TAOC was noted in the
male and female flies in the F3 generation compared to the con-
trol (Fig. 6E-H). Furthermore, zinc deficiency led to a significant
(P<0.05) increase in MDA levels in the FO generation, and this
trend persisted in the subsequent F1 and F2 generations. However,
there was a notable shift in the F3 generation, where a significant
(P<.05) decrease in MDA levels was observed in both male and fe-
male flies (Fig. 6I-L).

3.6. Effects of maternal zinc deficiency on DILP2 and PEPCK mRNA

In the zinc-deficient female flies (FO), a significant (P<.05) in-
crease in the fold change in DILP2 mRNA was observed com-
pared to the control. Interestingly, there was a consistent signifi-
cant (P<.05) increase in DILP2 mRNA in male and female offspring
across F1 to F3 generations (Fig. 7A-D). On PEPCK mRNA, there
was a significant (P<.05) increase in the fold change in the zinc-
deficient female parent compared to the control. However, a sig-
nificant (P<.05) reduction was observed in the male and female F1
flies. Sex-dependent effects emerged in the F2 generation, with a
significant (P<.05) increase in males and a significant (P<.05) de-
crease in the female flies. Furthermore, PEPCK mRNA was signif-
icantly (P<.05) increased in both male and female F3 flies com-
pared to the control (Fig. 7E-H). Notably, the fold change in PEPCK
mRNA in the male zinc-deficient progeny (P<.05) was significantly
higher than that of the female flies in F2 and F3.

3.7. Effects of maternal zinc deficiency on SOD1 and CAT mRNA

In the FO generation, the fold change in SOD1 mRNA was signif-
icantly (P<.05) reduced compared to the control. Across the gen-
erations of the offspring, there was a similar trend of significant
(P<.05) decreases in SOD1 mRNA, except in the male offspring
in the F2 generation, which were significantly (P<.05) increased
(Fig. 8A-D). In addition, there was a significant (P<.05) decrease
in the fold change in CAT mRNA in the female parent compared
to the control. This downward trend persisted in the F1 genera-
tion, where both male and female offspring displayed a significant
(P<.05) reduction in CAT mRNA. Conversely, male and female off-
spring in the F2 and F3 generations showed a significant (P<.05)
increase in the CAT mRNA compared to the control (Fig. 8E-H).
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3.8. Effects of maternal zinc deficiency on EGR and UPD2 mRNA

From the parent (FO), which was zinc-deficient, to the offspring
(F1-F3), which were fed a normal diet, the expression of the EGR
mRNA showed a significant (P<.05) increase compared to the con-
trol (Fig. 9A-D). In the addition, there was a significant (P<.05) re-
duction in the fold change of UPD2 mRNA in the zinc-deficient fe-
male parent (FO) compared to the control. However, the male and
female flies from F1 to F3 showed a significant (P<.05) increase in
the UPD2 mRNA compared to the control (Fig. 9E-H).

4. Discussion

Studies have shown that maternal zinc deficiency during preg-
nancy can impact foetal growth and development, ranging from
lack of change in body weight and birth weight [21], reduced birth
weight [22-24], to long term adult overweight [21,25] in offspring.
In this study, the observed increase in body weight in the F2 gen-
eration may align with findings from other research that links ma-
ternal zinc status to the regulation of growth-related processes
and predisposition to weight gain [25]. In the natural context of
Drosophila, sexual dimorphism tends to favour females, as evi-
denced by their consistently larger body size compared to males
throughout different developmental stages and across various mea-
sured parameters [26,27]. Thus, the observed gender-specific differ-
ences in body weight, with female offspring consistently weighing
more, could have been influenced by genetic and associated fac-
tors.

The impact of maternal zinc deficiency on locomotor perfor-
mance, especially the gender-specific reduction observed in female
F1 flies, could be connected to the role of zinc in the development
and maintenance of the nervous system. Zinc is known to play

a crucial role in neurogenesis and synaptic function, and disrup-
tions in these processes could contribute to alterations in motor
behaviour [7,8]. This finding may be consistent with other stud-
ies that have explored the neurodevelopmental effects of mater-
nal zinc deficiency causing decreased offspring fitness and physi-
cal activity [23,28,29] as well as learning and cognitive impairment
[29,30].

Furthermore, the influence of maternal zinc deficiency on glu-
cose levels aligns with existing literature on the role of zinc in in-
sulin metabolism and glucose homeostasis [10,31]. The observed
reduction in glucose levels in both male and female offspring in
the F1 and F3 generations may suggest a transgenerational impact.
Additionally, the increase in trehalose levels in the zinc-deficient
FO flies indicates a possible metabolic response. The significance
of trehalose in energy metabolism and stress response has been
established in studies [32,33]. The substantial change in trehalose
levels from F1 to F3 in our study suggests the conversion of avail-
able glucose to trehalose, reflecting an adaptive strategy for robust
energy metabolism. Considering earlier findings, although focused
on F1, where male offspring of zinc-deficient mothers exhibited ad-
verse metabolic responses [21,25,34], the gender-specific variations
observed in the F2 and F3 generations in our study, with more
pronounced effects in male flies, indicate a potential heightened
susceptibility of males to the transgenerational adverse effects of
maternal zinc deficiency.

Furthermore, in stored glycogen, the gender-specific response
in the F1 generation, with increased glycogen levels in males but
not females, may reflect sex-specific differences in metabolic adap-
tation. The observed increase in glycogen level at F1 in contrast
to other generation shows that more of the glucose might have
been converted to glycogen. This is also in consonance with the
increased triglycerides at F1, indicating a potential link between
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maternal zinc deficiency and altered lipid metabolism. However,
F2, and F3 showed reduced glycogen and triglycerides probably
due to more conversion of these substrates to glucose and in-
turn trehalose, and a probable transgenerational inheritance. Sim-
ilar patterns in the F2 and F3 generations suggest a potential
transgenerational effect of maternal zinc deficiency on glycogen
regulation.

While parent flies (FO) exhibited increased levels of glucose and
trehalose, suggesting storage disturbances, subsequent generations
showed a decrease in glucose levels, potentially indicative of in-
creased utilization. Trehalose levels, however, displayed variability;
F1 offspring exhibited lower trehalose levels, aligning with the de-
crease in glucose. Interestingly, F2 and F3 generations showed ele-
vated trehalose levels, suggesting a possible compensatory mech-
anism. Additionally, changes in triglyceride levels indicate alter-
ations in fat metabolism. We hypothesize that these metabolic
shifts reflect the offspring’s adaptive responses to maternal zinc
deficiency. Further investigation is warranted to elucidate the pre-
cise mechanisms underlying these changes, particularly consider-
ing the observed sex-based differences in trehalose levels among
F2 and F3 generations.

In addition, the observed significant increase in DILP2 mRNA in
zinc-deficient female flies (FO) and its persistence across F1 to F3
generations suggest a molecular basis for linking zinc deficiency
to alterations in the insulin signalling pathways. Previous research,
although focused on direct effect, has shown that zinc plays a cru-
cial role in insulin regulation, and disruptions in this pathway can
lead to metabolic consequences [12]. The sustained elevation in
DILP2 mRNA suggests an alteration in the insulin action making
the system feel the need to produce more insulin, a potential link
between maternal zinc status and insulin-related pathways in off-
spring across multiple generations. Transgenerational disease risk
holds significant importance in the realm of metabolic diseases,
offering insights into the intricate interplay among genetics, epi-
genetics, and environmental factors in disease progression [35,36].
Zinc, an essential mineral for various biological processes such as
gene expression and enzyme activity, plays a critical role in the
functioning of epigenetic enzymes involved in DNA and histone
modifications. Animal studies have demonstrated the impact of
zinc deficiency on these epigenetic modifications. Specifically, ma-
ternal zinc deficiency during pregnancy has been shown to induce
changes in DNA methylation and histone modifications in offspring
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[37]. These alterations, induced by maternal zinc deficiency, can
exert long-lasting effects on offspring health. Thus, understanding
the role of zinc in epigenetic modifications is crucial for decipher-
ing the mechanisms underlying the effects of zinc deficiency on
offspring health. Further research is needed to better understand
the specific epigenetic mechanisms at play and their potential im-
plications.

Zinc regulates glucose metabolism and insulin signalling by
exerting insulin-mimetic actions that promote glycogen synthesis
and inhibit gluconeogenesis [11]. The significant increase in PEPCK
mRNA in the zinc-deficient female parent flies affirm the role for
zinc in gluconeogenesis regulation. However, the observed reduc-
tions in the F1 generation aligns with a homeostatic response and
subsequent sex-dependent effects in the F2 generation highlight
the complexity of the relationship between maternal zinc defi-
ciency and PEPCK expression. The consistent elevation in PEPCK
mRNA in the F3 generation suggests a programming effect that
persists across generations and manifests in F3. In addition, a sig-
nificant increase in PEPCK observed in male offspring at F2 and
F3 suggests that the enzyme, PEPCK could trigger gluconeogene-
sis in the male offspring contributing to the increased trehalose
level. Thus, adding to the fact that the males may be more prone
to the glucose metabolism-related consequences of parental zinc
deficiency.

As zinc plays a crucial role in antioxidant defence and managing
oxidative stress, the observed decrease in catalase activity and total
antioxidant capacity in the zinc deficient parent flies aligns with
findings from studies linking zinc deficiency to impaired antioxi-
dant enzymes functions [12]. Consistent with the catalase activi-
ties, the observed decrease in expression of CAT and SOD1 mRNA
expression in the FO generation aligns with the association be-
tween zinc deficiency and impaired antioxidant defences. Zinc is
a cofactor for SOD, an important antioxidant enzyme, while cata-
lase is a key enzyme involved in the breakdown of hydrogen per-

oxide [38]. Their reduced expression suggests an impaired ability
to neutralize reactive oxygen species. However, in our study, the
increase in catalase activity in F1, the increase in the expression
of CAT mRNA in F2 and F3, the absence of significant differences
in TAOC in the F2, and an increase in the F3 generation suggests
a dynamic and potentially adaptive response to maternal zinc de-
ficiency. Also, the observed increase in SOD1 mRNA particularly
in the male offspring in indicates sex-specific responses necessary
to be considered while studying the impact of maternal zinc de-
ficiency. This variation across generations could be attributed to
intricate interactions between antioxidant systems and compen-
satory mechanisms to counterbalance oxidative stress.

Moreover, the increase in MDA levels in the FO is consistent
with studies demonstrating that zinc deficiency can lead to ele-
vated lipid peroxidation [12,39,40]. Interestingly, F1 and F2 gen-
erations fed normal diet also exhibited a significant elevation, a
probable transgenerational inheritance. The decrease in MDA levels
in both male and female offspring in the F3 generation presents a
shift that could be due to the increased TAOC. Probably, the com-
pensatory mechanisms or adaptations have occurred over succes-
sive generations to mitigate oxidative damage.

Exploring the pro-inflammatory status of the flies, we assessed
the expression of EGR and UPD2. The Drosophila TNF-eiger (EGR)
system is similar to the TNF-alpha system found in mammals, in-
cluding humans. It is a signalling pathway that has been evolu-
tionarily conserved across different species. In Drosophila, the EGR
is involved in various biological processes, including immune re-
sponses, tissue development, and cell death [41]. The activation
of the EGR system in Drosophila leads to the activation of down-
stream signalling pathways, such as the JNK (c-Jun N-terminal ki-
nase) pathway and the NF-«B (Nuclear Factor kappa B) pathway
[42]. The metabolic functions of EGR extend to the regulation of
glucose metabolism, lipid metabolism, and energy balance, with
potential implications for various metabolic disorders such as di-
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abetes and obesity [42,43]. Notably, in HL-60 cells under zinc de-
ficiency, an increase in the proinflammatory cytokine TNF-alpha
was observed [44]. This aligns with the observed elevation in EGR
mRNA expression in the zinc-deficient parent (FO) flies. Interest-
ingly, our study revealed a similar trend across the offspring (F1-
F3), suggesting a transgenerational proinflammatory effect of ma-
ternal zinc deficiency. This effect may, in part, contribute to the
observed energy dysmetabolism.

Similarly, Drosophila UPD2, activated in response to dietary fac-
tors, is recognized as a pro-inflammatory cytokine with a piv-
otal role in inflammation. Its activation triggers the JAK/STAT sig-
nalling pathway [45]. Moreover, UPD2 has been identified as a
functional homologue of leptin, contributing to the regulation of
energy metabolism within the organism [45]. Furthermore, the in-
duction of proinflammatory cytokines, including UPD2, in damaged
tissues is associated with JNK and Hippo signalling pathways [46].
The JAK-STAT pathway in Drosophila has been linked to intestinal
homeostasis during stress or injury, highlighting its involvement in
inflammatory responses [47]. In our study, the diminished expres-
sion of UPD2 in the zinc-deficient parent suggests its role as an
energy regulator, potentially contributing to the observed dysregu-
lation in energy metabolism. However, the subsequent increase in
UPD2 mRNA observed in male and female offspring across genera-
tions may points to its proinflammatory role in the offspring. This
emphasizes the complexity of gene regulation in response to ma-
ternal zinc status.

Importantly, the gender-specific effects of maternal zinc defi-
ciency on offspring could stem from several mechanisms. Changes
in gene expression triggered by epigenetic modifications or disrup-
tions in sex hormone balance due to the role of zinc in their func-
tion are potential factors. Additionally, genes might respond differ-
ently to zinc levels based on the offspring’s sex, and differences in
the gut microbiome between male and female offspring could fur-
ther influence how they handle zinc deficiency [48]. These factors
could all contribute to the observed variations in how male and fe-
male offspring are affected by maternal zinc deficiency across gen-
erations.

5. Conclusions

Our study elucidates the transgenerational consequences of
maternal zinc deficiency on various physiological aspects in
Drosophila offspring. From altered body weight and impaired lo-
comotor performance to disruptions in glucose metabolism and
antioxidant defence mechanisms, our findings underscore the nu-
anced impact of maternal zinc status across multiple generations.
Notably, the observed sex-specific responses and persistent molec-
ular alterations in insulin signalling pathways and inflammatory
markers suggest a complex interplay between maternal zinc defi-
ciency and long-term offspring health. These results emphasize the
importance of considering both gender-specific effects and molecu-
lar mechanisms including epigenetics in understanding the broader
implications of maternal zinc deficiency, providing valuable in-
sights for future research aimed at mitigating such adverse out-
comes in human health.
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