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Abstract
Diacetylmorphine abuse is a major social problem that jeopardizes the world, and abuse can cause serious neurological dis-
orders. Apoptosis plays an important role in neurological diseases. A previous study by our group found that the brain tissue 
of diacetylmorphine-addicted rats showed severe vacuole-like degeneration and increased apoptosis, but the exact mechanism 
has not yet been reported. We used TMT technology to sequence the diseased brain tissue of rats, and selected neurofilament 
light chain (NEFL) and neuritin (NRN1) as the focus of our research. We explore the possible roles and mechanisms played 
by both. Based on the construction of apoptotic cell model, we used overexpression/silencing lentiviral vectors to interfere 
with the expression of NEFL in PC12 cells, and the results suggested that NEFL could regulate NRN1 to affect the apoptosis 
level. To further understand the specific mechanism, we used transmission electron microscopy to observe the ultrastructure 
of apoptotic cells, and the results showed that compared with the control group, mitochondria in the model group showed 
obvious vacuolation as well as expansion, a significant increase in the accumulation of ROS, and a significant decrease in 
the mitochondrial membrane potential; after overexpression/silencing of NEFL, these changes were found to occur along 
with the alteration of NEFL expression. In summary, we conclude that diacetylmorphine induces neuronal apoptosis, and 
the specific mechanism is that NEFL regulates the NRN1-mediated mitochondrial pathway to promote apoptosis.
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Introduction

Diacetylmorphine, as an opioid, is abused due to its strong 
euphoric effects [1]. The World Drug Report 2023 shows 
that 60 million people are predicted to be using opioids in 
2021, of which nearly 52.5%, or 31.5 million, have heroin 
use. It is worth noting that opioids remain the deadliest class 
of drugs, with directly related deaths accounting for approxi-
mately 2/3 of all drug deaths each year, and the majority 
of deaths are due to abuse [2]. It has been suggested that 
diacetylmorphine can cause severe neurological damage and 
induce a variety of neurological disorders [3, 4]. Therefore, 
it is of great significance to investigate the mechanism of 
neurological damage caused by diacetylmorphine to provide 
a solid theoretical basis for the clinical treatment of “chasing 
the dragon” patients.

The phenomenon of apoptosis was discovered in 1965 
as a form of programmed cell death [5]. In ischemic stroke 
research, Li team [6] found that, dong quai methylin can 
alleviate the abnormal apoptosis level of neurons, and the 
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mitochondrial pathway plays an indispensable role in it. 
Some scholars found that, in traumatic brain injury, neuronal 
cells showed severe mitochondrial dysfunction, which in turn 
led to the occurrence of apoptosis, and the specific mecha-
nism was the elevation of ROS and calcium ion levels [7].

NEFL, as a neurofilament light chain protein, has the 
functions of maintaining neuronal skeleton structure, axon 
caliber, and regulating programmed death, and plays an 
important role in a variety of diseases. Li, in a study on 
AD, found that NEFL was a hub gene closely related to 
oxidative stress when analyzing the relevant data sets in 
GEO using raw letter technology, and the specific mecha-
nism was not explored in depth [8]. In head and neck can-
cers, NEFL induces apoptosis and inhibits invasion [9]. 
However, studies on whether NEFL regulates neuronal 
apoptosis are still rarely reported, and related studies are 
urgently needed to be supplemented.

NRN1 is a small, highly conserved extracellular mem-
brane protein that exerts neurotrophic effects and promotes 
neuronal synapse growth, and was first identified by Nedivi 
in 1993 [10]. NRN1 is expressed in late mitotic differen-
tiated neurons and neuronal structures associated with 
plasticity in the nervous system, and is regulated by neu-
ral activity and neurotrophic factors. In studies related to 
schizophrenia (SZ), the expression level of NRN1 is closely 
related to brain activity in SZ patients, and can be used as 
a potential target gene [11]. In studies of esophageal can-
cer, NRN1 inhibits the PI3K-Akt-mTOR pathway on the 
invasion and migration of esophageal cancer cells [12]. In 
a rat optic nerve crush injury model, NRN1 activates the 
AKT and STAT3 pathways and is closely involved in the 
mitochondrial apoptosis pathway, and overexpression of 
NRN1 effectively reduces retinal ganglion cell apoptosis 
and improves optic nerve function in rats [13].

Mitochondria, as energy processing plants of cells, are 
involved in multiple metabolic pathways and various biolog-
ical processes, for example, apoptosis of the mitochondrial 
pathway [14].Accumulation of ROS, disruption of mitochon-
drial morphology, and decrease in membrane potential are 
typical manifestations of mitochondrial apoptosis [15].While 
studying possible therapeutic regimens for neuroblastoma 
(NB), Kommalapati found that chloroquine (CQ)-induced 
autophagy inhibition phenomenon would reduce the mito-
chondrial membrane potential (MMP) and ultimately lead 
to apoptosis in NB cells [16]. In the study of circadian regu-
lation of liver function, interference with Clock expression 
will restore mitochondrial membrane potential and inhibit 
the mitochondrial apoptotic pathway by suppressing the 
increase in mitochondrial membrane permeability, reducing 
hepatocyte injury [17]. It is worth noting that mitochondrial 
apoptosis is one of the major apoptotic pathways.

In the current study, we found that diacetylmorphine will 
cause a significant increase in neuronal apoptosis levels. To 

understand the specific mechanisms, we explored the role 
of NEFL and NRN1 in diacetylmorphine-induced neuronal 
apoptosis. Interference with NEFL expression was found to 
affect NRN1 expression and apoptosis levels in the model, 
and NEFL-induced apoptosis by regulating the NRN1-
mediated mitochondrial pathway. Our study further clarifies 
the possible mechanisms of neuronal apoptosis caused by 
diacetylmorphine, provides a theoretical basis for the clini-
cal treatment of brain injury in diacetylmorphine-addicted 
patients, and complements research in related fields.

Methods and Materials

Reagents

Hematoxylin–eosin (HE) stain kit (G1120, Beijing Solarbio 
Science & Technology Co., Ltd.), Hoechst 33342/PI Double 
Stain Kit (CA1120, Beijing Solarbio Science & Technology 
Co., Ltd.), Reactive Oxygen Species Assay Kit (CA1410, 
Beijing Solarbio Science & Technology Co.,Ltd), Mitochon-
drial Membrane Potential Assay Kit with JC-1 (M8650, Bei-
jing Solarbio Science & Technology Co., Ltd), BCA Protein 
Assay Kit (PC0020, Beijing Solarbio Science & Technol-
ogy Co., Ltd.), SDS-PAGE Gel Kit (P1200, Beijing Solar-
bio Science & Technology Co., Ltd.), Nissl staining solutio 
(G1036, servicebio), In Situ Cell Death Detection Kit, TMR 
red (12156792910, Roche), CCK-8 (PF0004, Proteintech 
Group, Inc.), recombinant proteinase K (G1234, servicebio) 
PE Annexin V Apoptosis Detection Kit I (559763, Becton 
Dickinson and Company), ultra-ultrasensitive ECL chemi-
luminescent substrate (BL520A, Biosharp). Sources of all 
the primary antibodies used in the study are listed in Table 1. 
All secondary antibodies conjugated with horseradish per-
oxidase were from Proteintech Group, Inc.

In Vivo Experiments

Zoomorphosis

In this study, the diacetylmorphine-induced rat addiction 
model was constructed on the basis of the group’s previ-
ous research [18], and the specific operation was as fol-
lows: 8-week-old male SD rats with an initial body weight 
of 210 ± 10 g were selected, and divided into the normal 
group and the diacetylmorphine group. The normal group 
was injected with saline subcutaneously, and the diacetyl-
morphine group was injected with diacetylmorphine sub-
cutaneously (the amount of drug injected subcutaneously 
was 5 mg/kg on the first day, and then the amount of drug 
injected was increased by 2 mg/kg per day, and it was once 
a day at 10:00 and 19:00), and the rats were subjected to 
naloxone hydrochloride hyperexpression test on the 20th 
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day, each rat was observed for 30 min, with specific obser-
vations of body twisting, wet dog-like shaking, jumping, 
and tooth chattering. And the rat was executed using the 
method of cervical vertebral dislocation after complying 
with the requirements. All experimental rats were kept in 
individually ventilated cages with free access to food and 
water. All animal experiments were conducted in accordance 
with ARRIVE guidelines. All methods were performed in 
accordance with relevant guidelines and regulations.

Hematoxylin–Eosin Stain

Take paraffin section of rat brain tissue from Control group and 
Model group, bake the slices in oven at 65 °C for 1h, deparaffi-
nize the slices in xylene I/II for 15 min, gradient ethanol to water 
for 5 min in each group, hematoxylin was applied to the slides in 
a volume of 200 µl/sheet. Let it stand for 3 min, wash away the 
excess staining solution in water, and observe the staining under 
the microscope, the nucleus was blue-purple, and the cytoplasm 
was basically colorless. Eosin was applied in a volume of 200 µl/
sheet to the slide just above, left for 5 min, washed away the 
excess staining solution, and the staining was observed under the 
microscope, and the cytoplasm was red or pink. The cytoplasm 
was red or pink. The slides were dehydrated with anhydrous 
ethanol for 1 min and sealed with neutral resin.

Nissl Staining

Take paraffin section of rat brain tissue from control group 
and model group, refer to the same method of dewaxing and 
to water as above, and prepare the working solution for Nissl 
staining, cover slides with 200 µl of staining solution each, 
let it stand for 3 min at room temperature, and wash it with 
water until the water stream is colorless. Under the micro-
scope, the Nissl body was dark blue, and the background 
was light blue or colorless. After baking and drying, neutral 
resin was used to seal the sections.

Hoechst33342

Animal experiments: take paraffin sections of brain tissue of 
the same grouping as above and carry out the same method 
of dewaxing as above, to water. Configure the Hoechst33342 
staining working solution by quantizing 5 µl of Hoechst33342 
stain stock solution to 1 ml using the staining buffer in the kit. 
Use the Hoechst33342 staining working solution prepared in 
advance to spread evenly on the sections, avoid light and room 
temperature fixation for 15 min, and then, use distilled water to 
clean it three times, each time for 5 min. Use an anti-fluores-
cence quencher to seal the film. Cellular experiments: in six-
well plate spread in advance to 5 × 105 cells/well, in different 
interventions After the end, PBS was washed three times, 4% 
paraformaldehyde was fixed for 30 min at room temperature, 
PBS was washed three times, 5 min each time, 1 ml of Hoe-
chst33342 staining working solution was added to each well, 
protected from light, and stood at room temperature for 15 min. 
PBS was washed three times, 5 min each time. Cells emitting 
bright blue fluorescence were judged as apoptotic cells under 
fluorescence inverted microscope for observation.

Tunel Staining

Take paraffin section of rat brain tissue from control group 
and model group, and dewax the paraffin sections accord-
ing to the above method, to water, according to the reagent 
instructions; the configured recombinant proteinase K work-
ing solution was spread on the sections, incubated at room 
temperature for 30 min, and washed off and then configura-
tion of Tunel’s reaction solution (blue:red = 1:9). And cover 
the slides with the staining solution in a volume of 50 µl per 
slide and incubate at 37 °C, protected from light, for 60 min. 
Excess stain was washed away, and the film was blocked 
with a putative fluorescence quencher and then observed 
under a fluorescence microscope; the cells emitting red fluo-
rescence were determined as apoptotic cells.

Table 1   Details of the primary antibodies used in the study

Antibody Full name of indicator Cat WB dilution Source

Mouse monoclonal antibody [DA2] to 
68 kDa neurofilament/NF-L

Neurofilament light chain ab7255 1:5000 Abcam plc

Neuritin (B-9) Neuritin sc-365538 1:2000 Santa Cruz Biotechnology
Rabbit polyclonal antibody to Bax BCL2-associated X ab7977 1:2000 Abcam plc
Bcl-2 rabbit mAb B cell lymphoma-2 A19693 1:2000 ABclonal Biotechnology Co., Ltd
Caspase-3 rabbit pAb Caspase-3 A0214 1:1000 ABclonal Biotechnology Co., Ltd
Rabbit monoclonal antibody [E23] to cas-

pase-9
Caspase-9 ab32539 1:1000 Abcam plc

Cytochrome c antibody Cytochrome c oxidase 4272 1:2000 Cell Signaling Technology
Mouse monoclonal antibody [N152B/23] to 

VDAC1/Porin
Voltage-dependent anion channel 1 ab186321 1:2000 Abcam plc

β-Tubulin antibody Tubulin beta class I 2146 1:2000 Cell Signaling Technology
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Western Blot

Total protein extracts of brain tissue/intracellular/mitochondrial 
at the site of injury were used using RIPA buffer (Solarbio) 
containing 1% protease inhibitor, phosphatase inhibitor and 
PMSF. Determination of protein concentration was performed 
using the BCA Protein Quantification Kit (Solarbio). Proteins 
were separated using SDS-PAGE (Solarbio) and pre-stained 
protein molecular weight standard maker (epizyme) for pro-
tein molecular weight estimation. Transblots were performed 
using 0.45-μm PVDF membranes (Millipore), incubated for 
2 h at room temperature with 5% skimmed milk for closure, 
and washed three times for 5 min each with TBST (servicebio) 
before placing the membranes in primary antibody buffer and 
incubating them at 4 °C overnight. The following day, at room 
temperature, the membranes were closed for 1.5 h using mouse/
rabbit secondary antibody (1:2000, Proteintech). PVDF mem-
branes were developed using the ECL kit (Biosharp).

Bioinformatics Analysis

TMT proteomics sequencing using tissues from brain injury 
sites of diacetylmorphine-addicted rats (Novogene) and vis-
ualization of heatmaps and volcano plots of significantly dif-
ferentially expressed genes using the R language and (GO) 
functional annotation and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis. The version of R used 
for the analysis was R4.4.0 [19], and the R packages used 
were dplyr [20], tidyverse [21], ggplot2 [22], pheatmap [23], 
clusterProfiler [24], and pathview [25].

Protein–Protein Molecular Docking

NEFL, NEN1, and caspase-3 predicted structures were gen-
erated by Alphafold. To ensure the accuracy of the docking 
results, we subsequently used AutoDockTools-1.5.7 to manu-
ally perform dehydrogenation, hydrogenation, and other 
optimization operations on the protein structures [26]. Pro-
tein–protein docking was then performed using the docking 
server (GRAMM) [27, 28]. Then the obtained protein–pro-
tein complexes were also manually subjected to optimiza-
tion operations like de-watering, hydrogenation etc. using 
AutoDockTools-1.5.7. Finally, protein interaction prediction 
was performed using Pymol and protein–protein interaction 

maps were generated. In PyMol, NEFL was represented as 
a dark blue cartoon model, NEN1 was shown as a cyan car-
toon model, caspase-3 was shown as a green cartoon model, 
and their binding sites were shown as stick structures with 
corresponding colors. When focusing on the binding region, 
the binding site is then shown with a demonstration of the 
protein to which it belongs.

In Vitro Experiment

Cell Culture and Infection

PC12 cells are gratefully acknowledged as a gift from Dr. 
Liping Su. PC12 cells were cultured in DMEM medium 
(Gbico), which includes 10% fetal bovine serum (FBS) (BI). 
All cells were cultured at 37 °C in an incubator with 5% CO2 
gas atmosphere.

Two NEFL overexpression sequence and NEFL silencing 
sequence lentiviruses (Shanghai Genechem Co., Ltd.) were 
constructed by adding the corresponding volume of lentivi-
rus according to MOI = 10, co-culturing for 16 h, and then 
switching to a complete medium with puromycin added for 
culture and screening until the construction of stably trans-
fected NEFL overexpression and silencing cell lines. In order 
to construct the model of neuronal apoptosis caused by dia-
cetylmorphine, cells were treated with different concentrations 
of diacetylmorphine for 12 h; in order to detect cell viability, 
cells were treated with 400-µg/l diacetylmorphine for 12 h.

Fluorescence Detection

CCK‑8

Cells were inoculated into 96-well plates, laid out accord-
ing to 5 × 103 cells per well, and after different conditions 
(100 –1000 µg/l gradient diacetylmorphine intervention for 
12 h; 400-µg/l diacetylmorphine intervention for 12 h) were 
intervened. The appropriate amount of CCK-8 reagent (Pro-
teintech) was added. The cell viability was determined by 
the absorbance at 450 nm using an enzyme meter according 
to the instructions of the reagent.

Transmission Electron Microscope

Cells: The medium was discarded in a large petri dish, and 
the electron microscopy fixative was added directly, and 
the cells were gently scraped with a cell scraper and col-
lected into a centrifuge tube. Then centrifuge at 1000 rpm 
for 3 min, discard the supernatant, add new electron micro-
scope fixative, and fix for 2 h at room temperature. Images 
were obtained from Servicebio (Wuhan, China).

Fig. 1   Increased apoptosis in brain tissues of addicted SD rats. A 
Representative images of HE staining of brain tissue injury sites in 
addicted rats, scale bar 100  µm; B Representative images of Nissl 
staining of brain tissue injury sites in addicted rats, scale bar 100 µm; 
C, D Fluorescent staining of apoptotic cells Hoechst33342 in brain 
tissue injury sites in addicted rats, scale bar 100 µm; E Western blot 
for caspase-3, caspase-9, Bax, and Bcl-2 protein expression lev-
els; F statistics of E, compared with control, *P < 0.1, **P < 0.01, 
***P < 0.001

◂



6988	 Molecular Neurobiology (2025) 62:6983–6997



6989Molecular Neurobiology (2025) 62:6983–6997	

Cellular Mitochondrial Protein Extraction

Follow the instructions of Mitochondrial Extraction Kit 
(C3601), specifically, collect the more 1 × 107 cells precipi-
tate after resuspension with pre-cooled PBS, centrifugation 
(600 g, 5 min) to take the precipitate and add 1 ml of a 
mixture of mitochondrial isolation reagent and PMSF, gen-
tly resuspension and ice bath for 15 min, homogenization, 
centrifugation (4 °C, 600 g, 10 min) to take the supernatant, 
and then centrifugation (4 °C, 11,000 g, 10 min), superna-
tant that is the mitochondrial proteins, and quantified and 
can be used for the subsequent experiments.

Flow Cytometry and Fluorescence

Apoptosis: Cells were treated with diacetylmorphine 
(400  µg/l) for 12  h, and apoptosis was detected by PE 
Annexin V Apoptosis Detection Kit I. Specifically, 100 µl 
of 1 × binding buffer was added with 5 µl of PE and 5 µl of 
annexin V. The working solution was added to the collected 
and washed 1 × 105 cell precipitates, incubated for 15 min at 
room temperature, protected from light, and then added with 
400 µl of 1 × binding buffer to make a single-cell suspension 
for the assay.

ROS: Flow cytometry: Cells were treated with diacetyl-
morphine (400 µg/l) for 12 h, and total cellular ROS were 
detected by ROS Detection Kit (Solarbio). Specifically, 1 µl 
of DCFH-DA was added to 1 ml of serum-free medium to 
form a staining working solution. Resuspension was carried 
out by adding 1 ml of staining working solution for every 
1 × 106 cell precipitate, and the excess staining working solu-
tion was washed out with serum-free medium after incubation 
for 20 min at 37 °C in a temperature chamber. Single cell sus-
pension was made with 500 µl of serum-free medium for flow 
cytometry. Fluorescence: Cells were treated with diacetylmor-
phine (400 µg/l) for 12 h, and total cellular ROS were detected 
by ROS assay kit (Solarbio). The specific staining working 
solution is configured in the same way as described above. 
One milliliter of staining working solution was added to each 
well of a six-well plate, and incubated at 37 °C for 20 min in 
a cell culture incubator. Wash three times with serum-free 
medium to remove excess staining solution, and visualized 
using fluorescence inverted microscope (Nikon).

JC-1: Flow cytometry: Cells were treated with dia-
cetylmorphine (400 µg/l) for 12 h, and cellular mitochon-
drial membrane potential was detected by the Jc-1 assay 
kit (Solarbio). Specifically, JC-1 staining working solu-
tion was configured according to JC-1 (200 ×): ultrapure 
water: JC-1 staining buffer (5 ×) = 5:800:200. Add 500 µl 
of staining working solution to each 1 × 106 cells and mix 
well, and incubate for 20 min at 37 °C in a temperature 
chamber. After washing out the excess staining solution 
with JC-1 staining buffer (1 ×), 500 µl of JC-1 staining 
buffer (1 ×) was added to prepare a single-cell suspension, 
which was detected by flow cytometry. Fluorescence: Cells 
were treated with diacetylmorphine (400 µg/l) for 12 h, and 
cellular mitochondrial membrane potential was detected 
by JC-1 assay kit (Solarbio). After the staining, working 
solution was configured according to the above method, 
1 ml/well of staining working solution was added to the 
corresponding six-well plate and incubated for 20 min at 
37 °C in a cell culture incubator. Use JC-1 staining buffer 
(1 ×) to wash out the excess staining solution and observe 
under fluorescence microscope.

Results

Diacetylmorphine Causes Neuronal Apoptosis

In order to investigate the specific mechanism of neuronal 
damage by diacetylmorphine, we firstly made a prelimi-
nary observation of the pathological and morphological 
changes of the brain tissue using HE staining and found 
that, compared with the control group, the brain tissue of 
the model group showed severe vacuole-like degeneration 
and inflammatory exudation (Fig. 1A). It suggests that 
the neurons in our brain tissue were severely damaged. 
The results of Nissl staining were similarly suggestive: 
compared with the control group, there was a significant 
decrease in Nissl bodies and a significant decrease in the 
number of neurons in the model group (Fig. 1B). For fur-
ther verification, we took paraffin sections of brain tissues 
from the same area for Hoechst33342 and Tunel staining, 
and the results suggested that the number of apoptotic 
neurons in the model group was significantly increased 
compared with that in the control group (Fig. 1C, D). 
The results of Western blot showed that the number of 
apoptotic neurons in the damaged tissues of the model 
group was significantly increased compared with that in 
the control group. Caspase-3, caspase-9, and Bax expres-
sion were significantly upregulated, and Bcl-2 expression 
was significantly downregulated in the damaged brain tis-
sues of the control group compared with the model group 
(Fig. 1E and F), and the results were statistically different 
(P < 0.05).

Fig. 2   Differential gene screening and enrichment analysis of 
addicted rat brain tissue. A, B When FC ≥ 1.2, meanwhile P 
value ≤ 0.05, a total of 50 up-regulated expressed eggs were screened, 
and when FC ≤ 0.83, meanwhile P value ≤ 0.05, a total of 48 down-
regulated expressed proteins were screened; C, D KEGG and GO 
enrichment of up-regulated and down-regulated genes; E Using the 
pymoland other software for molecular docking of NEFL and NRN1, 
dark blue model for NEFL and cyan model for NRN1; F Western blot 
to detect the protein expression levels of NEFL and NRN1, compared 
with control, *P < 0.1, **P < 0.01, ***P < 0.001

◂
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TMT Proteomics Screening for Differential Proteins

Based on the analysis of TMT proteomics data, a total of 
320 differential proteins were found in diacetylmorphine-
addicted rat brain tissues compared with normal rat brain 
tissues, with NEFL ranking among the top 10 upregulated 
proteins, and NRN1 among the top 10 downregulated pro-
teins (Fig. 2A and B), and both of them were closely related 
to neurological disorders [29, 30], and programmed cell 
death [31], which aroused our great interest. To further 
understand the potential functions of the differential genes 
and the related pathways involved, we subjected all differen-
tial genes to GO and KEGG enrichment analysis. As shown 
(Fig. 2C, D) KEGG and GO enrichment put metabolic path-
ways and metabolic processes in the main position. Based on 
these analyses and recent studies, we found that NEFL and 
NRN1 function in close relation to the function and state of 
mitochondria, specifically mediating the close correlation 
between mitochondrial function and mitochondrial damage 
[13, 32]. In order to investigate whether there might be a 
correlative interaction between NEFL and NRN1, we also 
used protein–protein molecular docking technique to dock 
the molecular conformations of NEFL and NRN1, and the 
results showed that in the hydrogen bonding interactions, 
there are multiple sets of residues used to form hydrogen 
bonds between NEFL and NEN1, such as GLU356 of NEFL 
and SER39 of NEN1, i.e., there was an interaction between 
NEFL and NRN1 (Fig. 2E). Meanwhile, Western blot results 
also showed that NEFL expression was upregulated and 
NRN1 expression was downregulated compared with the 
control group, and the results were statistically significant ( 
P < 0.05) (Fig. 2F).

NEFL, NRN1 are Involved 
in Diacetylmorphine‑Induced Neuronal Apoptosis

In order to further explore the specific mechanism of NEFL, 
NRN1 in diacetylmorphine-induced neuronal apoptosis, we 
firstly determined the optimal diacetylmorphine interven-
tion condition, i.e., 400 µg/l, 12 h, using PC12 (Fig. 3A). In 
order to verify the correctness, we firstly stained the cells 
using Hoechst33342 reagent, which showed that the num-
ber of apoptotic cells in the model group was significantly 
increased compared with that in the control group (Fig. 3B), 

and secondly, the results of the apoptosis detection by flow 
cytometry also showed that the apoptosis rate in the model 
group was significantly higher than that in the control group 
(Fig. 3C). The expression of caspase-3 and caspase-9 in the 
apoptosis executing protein caspase family was detected 
using Western blot, and it was found that: the expression 
of caspase-3 and caspase-9 in the model group was much 
higher than that in the control group, with statistically sig-
nificant differences in the results ( P < 0.05) (Fig. 3D, E). 
Meanwhile, compared with the control group, the protein 
expression of NEFL was significantly higher and that of 
NRN1 was significantly lower in the Model group (Fig. 3D, 
E). In order to further determine that NEFL and NRN1 
play important roles in diacetylmorphine-induced neuronal 
apoptosis, we have used protein–protein molecular docking 
technique and found that both NEFL and NRN1 have mutual 
binding sites with caspase-3 (Fig. 3F, G). In summary, we 
concluded that NEFL, NRN1 play an important role in dia-
cetylmorphine-induced neuronal apoptosis.

NEFL‑Regulated NRN1 Acts on Neuronal Apoptosis 
Induced by Diacetylmorphine

To investigate whether NEFL plays a role in diacetylmor-
phine-induced neuronal apoptosis by regulating NRN1, we 
overexpressed and silenced NEFL in PC12 cells and verified 
the transfection efficiency using Western blot (Fig. 4A). The 
cell viability of control, model, oe-NEFL + M (overexpres-
sion of NEFL and intervention with diacetylmorphine), and 
sh-NEFL + M (silencing of NEFL and intervention with dia-
cetylmorphine) groups was measured by CCK-8. NEFL + M 
groups all showed a decrease in cell viability; compared with 
the control group, cell viability in the oe-NEFL + M group 
further decreased, while cell viability in the sh-NEFL + M 
group increased, and all of these results were statistically 
different ( P < 0.05) (Fig. 4B). At the same time, we used 
Hoechst33342 and flow cytometry to stain apoptotic cells 
and detect the apoptosis rate, and the results showed that 
the number of apoptotic cells as well as the apoptosis rate 
increased in the model, oe-NEFL + M, and sh-NEFL + M 
groups compared with the control group; the number of 
apoptotic cells as well as the apoptosis rate further increased 
in the oe-NEFL + M group compared with the model group; 
the number of apoptotic cells as well as the apoptosis rate 
further increased in the model group compared with the 
model group; the number of apoptotic cells as well as the 
apoptosis rate further increased in the sh-NEFL + M group. 
The number of apoptotic cells and the apoptotic rate were 
further increased in the oe-NEFL + M group, while the num-
ber of apoptotic cells and the apoptotic rate were decreased 
in the sh-NEFL + M group (Fig. 4C, D). At the molecular 
level, compared with the control group, the apoptosis-related 
factors caspase-3, caspase-9, and Bax protein expression 

Fig. 3   NEFL and NRN1 play important roles in diacetylmorphine-
induced neuronal apoptosis. A CCK-8 to detect cell viability; B, C 
Hoechst33342 and flow cytometry to detect the number of apoptotic 
cells and apoptosis rate; D Western blot to detect the protein expres-
sion levels of NEFL, NRN1, caspase-3, caspase-9, Bax, Bcl-2 protein 
expression levels; F, G prediction of mutual binding sites between 
NEFL, NRN1 and caspase-3, dark blue model for NEFL, cyan model 
for NRN1, and green model for caspase-3; compared with control, 
*P < 0.1, **P < 0.01, ***P < 0.001
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were increased and Bcl-2 protein expression was decreased 
in the model and oe-NEFL + M groups, and caspase-3, cas-
pase-9, Bax, and Bcl-2 protein expression was decreased 
in the sh-NEFL + M group. expression was in contrast to 
the model group, oe-NEFL + M. When compared with the 
model group, the expression of caspase-3, caspase-9, and 
Bax proteins was increased and the expression of Bcl-2 
protein was decreased in the oe-NEFL + M group, and the 
opposite was observed in the sh-NEFL + M group, and the 
results were all statistically different (P < 0.05) (Fig. 4E, F).

NEFL Regulates NRN1‑Mediated Mitochondrial 
Pathway Action

In order to further investigate whether diacetylmorphine-
induced neuronal apoptosis is caused by the mitochondrial 
pathway, we firstly used transmission electron microscopy to 
observe the ultrastructural alterations of the cells in control 
and model groups, and found that compared with the control 
group, the morphology of mitochondria in the model group 
was highly impaired, presenting dilated, vacuole-like altera-
tions, one of the alterations of mitochondria in the apop-
totic cells [33] (Fig. 5A). Secondly, we detected intracellular 
ROS accumulation and mitochondrial membrane potential 
changes to further confirm the cause of mitochondrial mor-
phology and functional disruption, and the results showed 
that, compared with the control group, intracellular ROS 
accumulation was increased and mitochondrial membrane 
potential was decreased in the model, oe-NEFL + M, and 
sh-NEFL + M groups, and, compared with the model group, 
the oe-NEFL + M group showed an increase in intracellular 
ROS accumulation and a decrease in mitochondrial mem-
brane potential, and, compared with the model group, the 
oe-NEFL + M group showed a decrease in intracellular ROS 
accumulation. NEFL + M group showed a further increase 
in intracellular ROS accumulation and a more significant 
decrease in mitochondrial membrane potential, while the sh-
NEFL + M group showed a significant decrease in intracellu-
lar ROS content and an increase in mitochondrial membrane 
potential, which tended to be normal (Fig. 5B, C, D, and E). 
Western blot detection of cytochrome c in the cytoplasm 
and mitochondria revealed that, compared with the control 
group, cytochrome c protein expression was increased in the 
cytoplasm and decreased in the mitochondria in the model, 
oe-NEFL + M, and sh-NEFL + M groups, compared with the 

control group; cytochrome c protein expression was elevated 
in the cytoplasm in the oe-NEFL + M group, decreased in 
the mitochondria, and opposite in the mitochondria, com-
pared with the control group; cytochrome c protein expres-
sion was increased in the model group, and decreased in the 
mitochondria, and opposite in the mitochondria, compared 
with the control group. decreased in mitochondria, and the 
opposite in mitochondria, and the results were all statisti-
cally different (P < 0.05) (Fig. 5F,G).

Discussions

Diacetylmorphine is the most abused of the opioids, with 
31.5 million deaths per year globally caused by overdose or 
injection. Due to its strong euphoric, addictive, and neuro-
toxic properties, most of the “chasing the dragon” patients 
often suffer severe neurological damage, showing clinical 
symptoms such as mania, schizophrenia, and cerebellar 
ataxia [34].Unfortunately, reports on the mechanisms of 
their associated disease development have still not been 
identified. In the current study, we demonstrated that NEFL, 
NRN1 play an important role in diacetylmorphine-induced 
neuronal apoptosis. Mechanistically, NEFL further medi-
ates the mitochondrial pathway in diacetylmorphine-induced 
neuronal apoptosis through the regulation of NRN1.

NEFL plays an important role in several neurodegen-
erative diseases and is involved in the regulation of pro-
grammed cell death. For example, a 14.1-year long fol-
low-up in 52,645 normal people found that NEFL was 
consistently and strongly associated with Alzheimer’s dis-
ease (AD) [29]. High expression of NEFL promotes the 
development of MPTP-induced Parkinson’s disease (PD) in 
zebrafish [35]. The results showed that NEFL expression 
was higher in the brain tissue of diacetylmorphine-addicted 
rats. Similarly, in the cellular model of diacetylmorphine-
induced apoptosis, the expression of NEFL was increased 
in the model group compared to the control group. The high 
expression of NEFL had a lower survival rate in the model. 
This also validates the result that NEFL is specifically highly 
expressed in the TMT proteomics of damaged brain tissue in 
diacetylmorphine-addicted rats. In addition, low expression 
of NEFL reduces the occurrence of apoptosis in the model, 
suggesting that NEFL promotes diacetylmorphine-induced 
neuronal apoptosis.

Mitochondrial pathway is one of the important pathways 
of apoptosis, which plays a crucial role in the regulation of 
endogenous apoptosis [36, 37]. NRN1 is a small, highly con-
served extracellular membrane protein that plays an impor-
tant role in neurological disorders [13]. Elevated expression 
of NRN1 inhibits the mitochondrial pathway, thereby attenu-
ating apoptosis in retinal ganglion cells [30]. It has been 
shown that apoptosis of microglia promotes the development 

Fig. 4   NEFL can affect NRN1 expression and neuronal apoptosis. A 
NEFL transfection efficiency; B CCK-8 to detect cell viability; C, D 
Hoechst33342 and flow cytometry to detect the number of apoptotic 
cells and the rate of apoptosis; E Western blot to detect the NEFL, 
NRN1, caspase-3, caspase-9, Bax, and Bcl-2 protein expression lev-
els; F statistics for E; compared with control, *P < 0.1, **P < 0.01, 
***P < 0.001, ****P < 0.0001; compared with model, #P < 0.1, 
##P < 0.01, ###P < 0.001, ####P < 0.0001
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of spongy white matter encephalopathy caused by the use 
of diacetylmorphine that elevated mitochondrial pathway-
associated Bax protein expression can be detected, and that 
coenzyme Q10 supplementation attenuates the progression 
of the disease [34, 38]. Our results suggest that there is a 
mutual binding site and possible interaction between NRN1 
and caspase-3. Caspase family, as the transmitter and effec-
tor of apoptotic priming, will turn on the intracellular death 
program when activated by external stimuli or regulation, 
further hydrolyze the downstream caspase family proteins 
through heterologous activation, and amplify apoptotic sig-
nals in a cascade that ultimately leading to cell death [39]. 
Our results identified the involvement of NRN1 in diacetyl-
morphine-induced neuronal apoptosis; after silencing NEFL 
and diacetylmorphine intervention, NRN1 expression was 
elevated and apoptosis levels decreased. Our results suggest 
that NEFL modulation of NRN1 affects diacetylmorphine-
induced apoptosis.

When mitochondrial pathway plays an important role 
in apoptosis, mitochondrial morphology and structure are 
often seriously damaged, and mitochondrial membrane 
potential significantly decreases. Studies have shown that 
ROS accumulation may be the “culprit” of all this [40, 
41]. Studying the roles played by mitochondria and mito-
chondrial pathways in apoptosis and exploring the possible 
regulatory mechanisms have become an important focus of 
target development studies for related neurological diseases. 
Although, the development of related drugs has achieved 
considerable results, it still fails to alleviate the quality of 
survival of patients with diacetylmorphine-induced neuro-
logical disorders.

In our study, we found that the mitochondrial pathway 
was activated in the diacetylmorphine model of neuronal 
apoptosis, as evidenced by the severe disruption of mito-
chondrial morphology, the presence of large numbers of 
vacuoles and dilated mitochondria, a significant decrease 
in mitochondrial membrane potential, and a severe accu-
mulation of ROS. At the molecular level, aberrant expres-
sion of several proteins also indicates activation of the 
mitochondrial pathway in apoptosis. In the mitochondrial 
pathway, Bax receives apoptotic signals and constitutes 
a transmembrane channel on the mitochondrial surface, 
leading to a decrease in membrane potential and an 
increase in membrane permeability, resulting in the release 

of apoptotic factors; cytochrome C is released into the 
cytoplasm due to an increase in the permeability of the 
mitochondrial membrane, leading to further disruption of 
the mitochondrial electron transport chain, and ultimately 
leading to apoptosis [42, 43]. In our experiments, similarly 
elevated protein expression of cytochrome C in Bax and 
cytoplasm and decreased cytochrome C protein expression 
in mitochondria were found in the model group. In addi-
tion, the accumulation of ROS, the decrease in mitochon-
drial membrane potential, and the increase in cytoplasmic 
cytochrome C were ameliorated after silencing NEFL, sug-
gesting that NEFL can mediate the mitochondrial pathway 
to influence diacetylmorphine-induced neuronal apoptosis.

Several studies have reported the role of NRN1 in neu-
roapoptosis and its close association with the mitochon-
drial pathway [44, 45]. Meanwhile, the mitochondrial 
pathway is one of the most classical signaling pathways 
in apoptosis [46]. Based on these studies, it is reasonable 
to infer that NRN1 plays an important role in diacetylmor-
phine-induced apoptosis and mediates the mitochondrial 
pathway, and the experimental results also indicate that 
NRN1 is involved in diacetylmorphine-induced apopto-
sis in neurons and is closely related to the mitochondrial 
pathway. Unfortunately, we have not been able to provide 
stronger evidence to demonstrate the specific mechanism 
by which NRN1 regulates the mitochondrial pathway.

In conclusion, NEFL exacerbates diacetylmorphine-
induced neuronal apoptosis by modulating the NRN1-
mediated mitochondrial pathway, thereby accelerating the 
accumulation of ROS, the decrease in mitochondrial mem-
brane potential, and the release of cytochrome C. NEFL 
may serve as a new target for the treatment of neurological 
disorders caused by diacetylmorphine. Of course, it has to 
be recognized that ours still has some variability in the use 
of rats to construct a diacetylmorphine addiction model 
compared to the real human in vivo. Moreover, our study 
has not yet clarified the downstream targets that NRN1 
interacts with and participates in apoptosis, and what fac-
tors increase the protein expression level of NEFL. How-
ever, our study still strongly suggests a possible mecha-
nism by which diacetylmorphine abuse contributes to the 
onset of neuronal apoptosis that has not yet been clarified, 
and provides two promising therapeutic targets.
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