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Introduction: Diabetes mellitus (DM) is associated with physiological

disorders such as delayed wound healing, diabetic retinopathy, diabetic

nephropathy, and diabetic peripheral neuropathy (DPN). Over 50% of diabetic

patients will develop DPN, characterized by motor dysfunction and impaired

sensory nerve function. In a previous study, we have uncovered acrolein (ACR)

as an upstream initiator which induced impaired glucose homeostasis and

microvascular alterations in zebrafish. Whether ACR has specific effects on

peripheral neurogenesis and mediates DPN, is still waiting for clarification.

Methods: To evaluate the function of ACR in peripheral nerve development,

in vivo experiments were performed in Tg(hb9:GFP) zebrafish. In addition, a

series of rescue experiments, metabolomics assessment, and bioinformatics

analysis was performed aimed at identifying the molecular mechanisms

behind ACR’s function and impaired neurogenesis.

Results: Impaired motor neuron development was confirmed in wild-

type embryos treated with external ACR. ACR treated embryos displayed

ferroptosis and reduction of several amino acids and increased glutathione

(GSH). Furthermore, ferroptosis inducer caused similarly suppressed

neurogenesis in zebrafish embryos, while anti-ACR treatment or ferroptosis

inhibitor could successfully reverse the detrimental phenotypes of ACR on

neurogenesis in zebrafish.

Discussion: Our data indicate that ACR could directly activate ferroptosis and

impairs peripheral neurogenesis. The data strongly suggest ACR and activated

ferroptosis as inducers and promising therapeutic targets for future DPN

studies.
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1. Introduction

Diabetic peripheral neuropathy (DPN) is recognized as the
most common diabetic complication, with more than 50% of
diabetic patients who will eventually develop DPN (Pop-Busui
et al., 2013, Zakin et al., 2019). Despite such high prevalence,
the basic mechanisms of DPN remain partially unknown. DPN
manifests mainly as sensory disorders with numbness, allodynia,
and pain at an early stage (Pop-Busui et al., 2017). Without
effective intervention on time, these primary manifestations
will gradually progress to muscle weakness, spastic paralysis,
reduced mobility, and increase the risk of disability, ulceration,
and amputation caused by degeneration of motor neurons and
death of neural stem cells (Feldman et al., 2017; Pop-Busui et al.,
2017; Holmes and Hastings, 2021). Hence, early diagnosis and
treatment of DPN are urgently needed to improve the life quality
of diabetic patients. Clinical treatment for DPN nowadays is still
limited to strict hypoglycemic therapy and pain management,
while a restricted number of patients benefit from it, which
implies more culprits besides hyperglycemia may take part in
the processing of DPN (Callaghan et al., 2012; Azmi et al., 2019;
Stino et al., 2020).

Increasing evidence indicates that reactive carbonyl species
(RCS) are positively correlated with diabetic complications,
including but not limited to diabetic retinopathy, nephropathy,
and neuropathy (Uchida, 2000; Brownlee, 2001). ACR as one of
those factors has drawn extreme attention due to its toxic effects
and capacity to react with a wide range of proteins, nucleic
acids, and other biological molecules (Lovell et al., 2001; Stevens
and Maier, 2008; Murata et al., 2020). Preliminary studies have
identified an increase of the ACR-lysine adduct (FDP-lysine)
in type 1 and type 2 diabetic patients (Daimon et al., 2003;
Tsukahara et al., 2003). FDP-lysine level was confirmed to
positively correlate with diabetic nephropathy and retinopathy
(Noiri et al., 2002; Zhang et al., 2008). Moreover, in our previous
study, elevated ACR in akr1a1a zebrafish mutants displayed
a harmful effect on glucose homeostasis via impairing insulin
signaling transduction and induced morphological alterations
in retina vessels and the biological structure of kidneys (Qi
et al., 2021). Transcriptome data from our previous work also
strongly suggested potential connections between ACR and
neurogenesis. Therefore, we aimed to address whether ACR is
involved in the neurogenesis and the degeneration of motor
neurons (Qi et al., 2021).

As a well-established animal model, the zebrafish has widely
been used in the study of metabolic diseases and diabetic
complications due to its unique advantages in high fecundity,
short generation time, and rapid external development of
transparent embryos (Heckler and Kroll, 2017; Wiggenhauser
and Kroll, 2019). Furthermore, zebrafish are also well-studied
for peripheral neuropathy due to the visibility of peripheral
motor neurons by using special genetic lines (Gong et al., 2020;
Lu et al., 2021). Ennerfelt et al. proved that hyperglycemia
disrupted peripheral nerve development in a zebrafish model,

suggesting zebrafish as an emerging model for studying DPN
(Ennerfelt et al., 2019).

This study aimed to address whether ACR has detrimental
effects on the peripheral motor neurons and identify the
underlying potential mechanisms. In addition, we tested if
anti-ACR treatment would be a promising approach for
DPN therapy. Our data indicate that ACR could directly
activate ferroptosis and impairs peripheral neurogenesis.
Subsequently, anti-ACR and anti-ferroptosis treatment could
efficiently reverse the adverse effects of ACR and promote
peripheral neurogenesis.

2. Materials and methods

2.1. Zebrafish husbandry

Zebrafish lines, Tg(fli1:EGFP) and Tg(hb9:GFP) were raised
as previously described under standard husbandry conditions
(Kimmel et al., 1995; Lawson and Weinstein, 2002; Nakano
et al., 2005). Embryos/larvae were kept in E3 media at 28.5◦C
with/without PTU (2.5 ml in 25 ml) to suppress pigmentation
formation. All experimental procedures performed on zebrafish
were approved by the local government and Medical Faculty
Mannheim of Heidelberg University.

2.2. RNA-seq analysis

Total RNA was isolated from WT and WT & ACR
larvae at 120 hpf. Library construction and sequencing were
performed with BGISEQ-500 (Beijing Genomic Institution,1

BGI). Gene expression analysis were conducted by the Core-
Lab for microarray analysis, center for medical research (ZMF).
Quality control and data analysis were performed as described
previously (Qi et al., 2021). The RNA-Seq datasets produced
in this study are available at GEO (Gene Expression Omnibus,
NIH) under the accession address: https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE168786.

2.3. Microscopy and analysis of
neurogenesis in embryos

For imaging of the zebrafish neurogenesis, Tg(hb9: GFP)
larvae were anesthetized in 0.0003% tricaine and dechorinated
at 24 hpf, 48 hpf, respectively and fixed in 1% low melting
gel for scanning. Confocal images for phenotype evaluation
were acquired using a confocal microscope (DM6000 B) with
a scanner (Leica TCS SP5 DS) utilizing a 20 × 0.7 objective,
1,024 × 1,024 pixels, 0.5 µm Z-steps. The motor axon length at a

1 www.bgi.com
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defined location in the intersomitic segments was measured for
4–6 axons per larva by blinded observer using ImageJ software
with neural tracking plugin (Vaccaro et al., 2012; Ciura et al.,
2013; Pagnamenta et al., 2021). The axon length was measured
in detail (Supplementary Figure 1).

2.4. Pharmacological treatment of
zebrafish embryos

Fertilized zebrafish embryos were transferred into 6-well
plate, about 30 embryos per well with 5 ml eggwater. At
24 hpf the chorion of zebrafish embryos was removed using
sharp tweezers and 0.003% PTU was added to the eggwater.
For ACR intervention and rescue experiments, 10 µM ACR
(S-11030F1; CHEM SERVICE), 10 µM PK11195 (C0424;
Sigma-Aldrich), 10 mM L-Carnosine (C9625; Sigma-Aldrich),
10 µM Erastin (E7781; Sigma-Aldrich), and 1 µM Ferrostatin
(SML0583; Sigma-Aldrich) treatments were started from 1 hpf
and continued until 2 dpf. Medium was refreshed daily. For
Ferrostatin treatment a titration curve indicated concentrations
above 1 µM as toxic and were therefore excluded from the study
(Supplementary Figure 2).

2.5. Metabolomic analysis

The measurements were done in cooperation with the
Metabolomics Core Technology Platform from the Centre of
Organismal Studies Heidelberg. 50 zebrafish larvae at 120 hpf
per measurement were snap-frozen in liquid nitrogen. As
previously described, adenosine compounds, thiols, and free
amino acids were measured (Qi et al., 2021).

2.6. Software

For schematic diagrams generation, Biorender2 was used.
Analysis of neurogenesis was carried out by using LAS AF Lite
Software from Leica for taking screenshots, Gimp for image
cutting and ImageJ for quantification. The “GCMS solution”
software (Shimadzu R©) was used for data processing of the
GC/MS analysis.

2.7. Statistical analysis

Sample size for all experiments is more than three
independent biological replicates. Data were displayed as
mean with standard deviation. Statistical significance between
different groups was analyzed using two-paired Student’s t-test,

2 https://biorender.com/

one-way ANOVA (followed by Tukey’s multiple comparisons)
by GraphPad Prism 6.01 or 8.3.0. Principal Component Analysis
was performed by R programming language. P-values of
0.05 were considered as significant: ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

3. Results

3.1. RNA-Seq analysis displayed altered
biological patterns in ACR treated
zebrafish embryos

According to the previous studies, ACR does have a
solid connection to neuropathic pain, spinal cord injury,
cardiovascular disease, and diabetes (DeJarnett et al., 2014;
Butler et al., 2017; Jiang et al., 2018; Lin et al., 2018), but whether
ACR has an influence on the neurogenesis in zebrafish and the
potential molecular mechanism behind is still far away from
clarity. To address this question, we treated wild-type zebrafish
embryos with external ACR (Qi et al., 2021), refreshed the
medium daily, collected the larvae at 5 dpf, and extracted total
RNA for quality test and further RNA-seq analysis (Figure 1A).

The volcano figure showed that about thirteen genes are
significantly up-regulated in the embryos treated with ACR
at 5 dpf (Figure 1B). Principal component analysis (PCA)
exhibited components of each sample, which showed that wild-
type (WT) and wild-type treated with ACR (WT & ACR) plots
are most separated in the PC4 axis (Figure 1C). Moreover,
gene set enrichment analysis (GSEA) was performed to give a
better understanding of altered physiological processes reflected
by the treatment with ACR. The twenty most up-regulated
and down-regulated biological patterns were filtered and sorted
on the basis of the enrichment score (NES, normalized
enrichment score). Intriguingly, several iron ion homeostasis
pathways, including cellular transition metal ion homeostasis,
transition metal homeostasis, cellular iron ion homeostasis,
iron ion homeostasis, and iron ion transport, showed positive
alteration. In contrast, several neurogenesis-relevant pathways
were negatively regulated, such as regulation of neurogenesis,
regulation of nervous system development, and regulation of
axon guidance (Figure 2). The above data suggest that ACR may
restrain neurogenesis, facilitate the iron transition and break
iron ion homeostasis.

3.2. ACR suppressed motor neuron
development in zebrafish embryos

To further confirm the hypothesis that ACR may suppress
neurogenesis, Tg(hb9:GFP) zebrafish were used for embryo
breeding since green fluorescence protein primarily express in
motoneurons and a small population of spinal interneurons
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FIGURE 1

RNA-Seq analysis of wildtype zebrafish with or without acrolein (ACR) treatment at larval stage. (A) Scheme of experimental design for larval
RNA-Seq. 30 larvae per clutch, 6 clutches of WT and WT & ACR zebrafish larvae at 5 dpf were applied for RNA-Seq analysis. (B) Volcano plot
showed significantly up-regulated (red dots) genes (logFC > 1, adj.P.val < 0.01) in WT & ACR zebrafish larvae. (C) Gene expression patterns
between WT and WT & ACR zebrafish larvae at 5 dpf were analyzed using PCA. The PC1 and PC4 are represented on the X-axis and Y-axis,
respectively. PCA, principal component analysis; PC1, principal component 1; PC4, principal component 4; dpf, day post fertilization.

in this particular line and make it possible to observe the
neurogenesis process in vivo. The wild-type Tg(hb9:GFP) line
embryos were incubated with ACR since 1 hpf, and the
morphology of motor neuron development was assessed at 24
and 48 hpf, respectively. It was observed that the average length
of motor nerves was significantly shorter in WT group treated
with ACR as compared to WT group without ACR treatment,
which preliminarily proves that ACR suppressed neurogenesis
in zebrafish embryos (Figure 3).

According to our previous study, ACR could also destroy
the insulin receptor signaling pathway, resulting in impaired
glucose homeostasis (Qi et al., 2021). In order to distinguish
destructive neurogenesis in ACR treated embryos resulting
from impaired glucose homeostasis or ACR itself, anti-ACR
drug (L-carnosine) (Zhao et al., 2019; Spaas et al., 2021) and
hypoglycemic drug (PK11195) (Wiggenhauser et al., 2020)
were utilized. Interestingly, anti-ACR, but not hypoglycemic
treatment, could rescue the shortened motor nerves (Figure 4).

Thus, ACR could induce impaired neurogenesis directly, and
anti-ACR treatment would be a promising approach to rectify
motor neuron development.

3.3. Imbalanced ferroptosis leads to
restrained neurogenesis after ACR
treatment

Since several iron ion homeostasis pathways showed
significant alterations, we considered whether the ferroptosis
process may induce notable change. GSEA analysis showed that
the ferroptosis process displayed a significant up-regulation,
accompanied by relevant genes highly expressed, such as
fthl28, fthl29, fthl30, fthl31, and LOC100006428 (Figure 5).
To date, numerous studies have proved that ferroptosis plays
specific roles in neurogenesis (Cozzi et al., 2019; Song et al.,
2022). Therefore, we wondered if imbalanced ferroptosis
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FIGURE 2

GOBP-analysis of RNA-Seq data showed patterns distinguishing acrolein (ACR) treated zebrafish from controls. Top twenty up-regulated and
down-regulated pathways based on GOBP enrichment analysis of RNA-Seq results in WT and WT & ACR zebrafish larvae at 5 dpf. GOBP, Gene
Ontology Biological Process; dpf, day post fertilization.

is the potential mechanism between ACR and impaired
neurogenesis. Ferroptosis activator (Erastin) and ferroptosis
inhibitor (Ferrostatin) were utilized for further incubation
experiments to verify this hypothesis. It proved that Erastin
could induce a similar phenotype that was observed in ACR
treated zebrafish before, suggesting activated ferroptosis could
cause impaired neurogenesis. Furthermore, co-incubated with
Ferrostatin, the ACR and Erastin treated embryos showed a
regular average length of motor nerves similar to the control
group (Figure 6). In case the Ferrostatin may bind and
subsequently destruct ACR’s function outside the embryos,
we incubated different concentrations of Ferrostatin together
with the 10 µM ACR overnight at 28◦C and then added
the mixtures to the zebrafish embryos. As can be seen
in Supplementary Figure 3, there is no significantly altered

neurogenesis in this experimental setting. Specifically, the
simple administration of ACR pre-incubated overnight at
28◦C) did not induce a similar phenotype as observed before
(Figures 3–6). Thus, the preincubation process is accompanied
by the loss of the biological activity of ACR. In conclusion, the
above data support that excessive ferroptosis contributes to the
impaired neurogenesis in ACR treated zebrafish embryos.

3.4. ACR treatment resulted in
metabolic alterations in zebrafish
embryos

To determine the metabolic patterns in ACR treated
embryos, we performed targeted metabolomics comparing ACR
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FIGURE 3

Disrupted motor neuron development in acrolein (ACR) treated zebrafish embryos. (A) Representative confocal images of motor nerves. White
scale bar: 20 µm. (B,C) Quantification of average length of motor nerves showed significant decrease of axonal length in embryos upon ACR
treatment at 24 and 48 hpf. n = 9–11. For statistical analysis Student’s t-test was applied; ∗∗∗∗p < 0.0001. hpf, hour post fertilization.

treated and control embryos. Several thiols, adenosine contents,
and amino acids were detected. The results displayed that GSH
and reduced GSH increased significantly. Moreover, a series of
amino acids showed a dramatic decline in ACR treated embryos,
while adenosines did not exhibit any apparent alteration, which
implies the activated ferroptosis in ACR treated larvae gives
rise to alterations in amino acids and affects GSH metabolism
(Figure 7).

4. Discussion

Up to now, several processes such as oxidative stress,
inflammation, increased activity of polyol pathway, an increase
of protein glycosylation products, and disturbance of lipid
metabolism are widely recognized as contributing to the
development of DPN (Callaghan et al., 2015, 2016, 2018; Sanaye
and Kavishwar, 2023). However, the molecules which mediate
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FIGURE 4

Beneficial effects of anti-acrolein (ACR), but not hypoglycemic treatment on motor neuron development in ACR treated embryos.
(A) Representative confocal images of motor neurons at 24 and 48 hpf upon different treatment. White scale bar: 20 µm. (B,C) Quantification of
average length of motor nerves showed significant decrease of axonal length in embryos upon ACR treatment can be well-reversed by
L-carnosine (anti-ACR treatment) but not PK11195 (hypoglycemic treatment) at 24 and 48 hpf. n = 5–9. For statistical analysis one-way ANOVA
followed by Tukey’s multiple comparisons test was applied. ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. ns, not significant; hpf, hour post fertilization.
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FIGURE 5

RNA-Seq data displayed up-regulated ferroptosis in acrolein (ACR) treated zebrafish larvae at 5 dpf. (A) Heatmap showed relative mRNA
expression in ferroptosis biological process. (B) RNA-Seq GSEA analysis showed up-regulated expression of ferroptosis in ACR treated zebrafish
larvae. The higher and lower expression level is showed in red and purple, respectively. GSEA, gene set enrichment analysis; dpf, day post
fertilization.

the onset and progression of neuropathy are still controversial.
In a previous study, we have identified that ACR, a side-
product of lipid peroxidation, causes diabetic retinopathy and
nephropathy via destructing glucose homeostasis and inducing
endogenous hyperglycemia (Qi et al., 2021), while whether ACR
also plays specific roles in DPN and the potential mechanisms
involved is still unknown.

In this study, we explored the effects of ACR on
peripheral neuropathy in zebrafish for the first time. Based
on RNA-Seq data and subsequent in vivo experiments,
we confirmed that ACR suppresses peripheral motor nerve
development. It has been reported that hyperglycemia causes
disruption of peripheral nerve development in zebrafish
(Ennerfelt et al., 2019), but whether ACR-leading effects on
peripheral neurogenesis are induced by hyperglycemia is yet
to be clarified. Therefore, a hypoglycemic drug PK11195
and ACR scavenger L-carnosine were firstly used for further
exploration. Intriguingly, ACR-induced impaired neurogenesis
can be reversed by anti-ACR, but not hypoglycemic treatment,
suggesting that anti-ACR treatment would be a promising
approach to promote neurogenesis, and L-carnosine would be
a potential candidate to fulfill the anti-ACR treatment.

Additionally, according to RNA-Seq data, several iron
ion metabolic pathways and ferroptosis pathways showed
significant upregulation in the ACR treated group. This raised
the hypothesis that activated ferroptosis is the possible reason
behind impaired peripheral neurogenesis resulting from ACR

treatment. To address this question, well-known ferroptosis
inducer and ferroptosis inhibitor, Erastin and Ferrostatin,
were utilized to determine if normalizing ferroptosis can
impede the ACR-leading effects. Interestingly, we observed that
ferroptosis inducer, Erastin also led to impaired neurogenesis,
which is in line with ACR causing phenotype. Furthermore,
ACR and ferroptosis inducer leading alterations can be
well-rescued by anti-ferroptosis treatment. Overall, the study
affords several important implications. First, it indicates ACR
contributes to peripheral neuropathy as a novel factor. Second,
it implies that activated ferroptosis resulting from ACR plays
an indispensable role in peripheral neuropathy. Last, anti-ACR
and anti-ferroptosis would be promising therapeutic approaches
for DPN treatment.

In clinics, elevated free-state ACR or ACR-adducts have
been determined as prominent characteristics in diabetic
patients. It was found that the ACR-lysine adduct (FDP-
lysine) was elevated in both type 1 and type 2 diabetic
patients’ urine (Daimon et al., 2003; Tsukahara et al., 2003).
However, the meaningful role of ACR in the DPN requires
further investigations. Based on our study, it would be a
prospective strategy to dynamically monitor the endogenous
ACR concentration in clinics for filtering people with a pre-
diabetic neuropathy state, early diagnosing patients with DPN,
and improving long-term prognosis. Lastly, this study also
affords an alternative strategy for DPN treatment. General
therapy, applying hypoglycemic agents and painkillers benefits
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FIGURE 6

Motor neuron development under ferroptosis inducer and ferroptosis inhibitor treatment. (A) Representative confocal images of motor nerves
at 24 and 48 hpf upon different drugs treatment. White scale bar: 20 µm. (B,C) Quantification of average length of motor nerves showed
significant decline of axonal length in embryos upon ferroptosis inducer Erastin treatment. The ferroptosis inhibitor Ferrostatin can reverse the
impaired motor neuron development in Erastin and acrolein (ACR) treated embryos at 24 and 48 hpf. n = 9–16. For statistical analysis one-way
ANOVA followed by Tukey’s multiple comparisons test was applied. ∗∗∗∗p < 0.0001. ns, not significant; hpf, hour post fertilization.

a limited number of patients. Whether it would be feasible to
treat DPN by using ACR scavenger and ferroptosis inhibitors
deserves further study.

Although this study revealed that ACR contributes to
peripheral neuropathy by over-activating ferroptosis, some
limitations cannot be ignored. First, although it has been
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FIGURE 7

Metabolomic screening displayed several alterations in acrolein (ACR) treated zebrafish larvae at 5 dpf. (A–C) Heatmaps showed the
metabolomic screening of thiols panel (A), amino acids panel (B) and adenosines panel (C) in WT and WT & ACR zebrafish larvae at 5 dpf: panel
(A) Glutathione (GSH) and reduced GSH showed significant increase in WT & ACR zebrafish; panel (B). Several amino acids displayed significant
reduction after treatment with ACR; panel (C). No changes in adenosine levels were identified in WT & ACR larvae as compared to WT larvae;
n = 4 clutches with 50 larvae, for statistical analysis Student’s t-test was applied; ∗p < 0.05, ∗∗p < 0.01. dpf, day post fertilization.

confirmed that ACR is able to activate ferroptosis, the precise
mechanism behind it remains unknown. Second, the potential
pathways and molecular targets involved in ferroptosis and
peripheral neurogenesis need further study. Last but not least,
clinical studies are necessary to ensure if anti-ACR and/or
ferroptosis inhibitors are practical and promising drugs for
clinical application.

In conclusion, this study provided evidence for the effects
of ACR on peripheral motor nerve development via activating
ferroptosis in zebrafish, providing a new direction for further
research in diabetic neuropathy and therapy.
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