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Abstract
We aimed to prove that oxidative stress is the main mechanism responsible for hippocampal neurotoxicity induced by del-
tamethrin (DLM). The protective role of curcumin (CMN) and nano-curcumin (NCMN) over this toxicity was studied. The 
rats were categorized into four groups: control, DLM, CMN and NCMN. The study continued for 30 days. Hippocampus was 
processed for histological, biochemical and immunohistochemical studies. Caspase-3, glial fibrillar acidic protein (GFAP), 
acetylcholinesterase (AChE), malondialdehyde (MDA), glutathione (GSH), catalase (CAT) and superoxide dismutase (SOD) 
were measured for DLM-induced oxidative stress (increased MDA by 354%/decreased GSH by 61%, SOD by 61%, CAT 
57%). Oxidative stress induced apoptosis of hippocampal neurons through increasing Nrf2, gamma-glutamyl cysteine syn-
thetase heavy subunit (GCS-HS) and light subunit (GCS-LS) and decreasing AChE. It increases the activity of astrocytes 
through increasing GFAP. Finally, oxidative stress has a bad impaction on cognitive function. Improvement of oxidative 
stress was observed with use of CMN and NCMN (decrease of MDA/increase of GSH, SOD, CAT). The level of Nrf2, 
GCS-HS and GCS-LS decreased, while AChE, GFAP increased. Improvement of cognitive function was observed in both 
groups. In conclusion, oxidative stress is the common mechanism responsible for DLM-induced hippocampal neurotoxicity. 
It exerts apoptosis of hippocampal neurons through increasing Nrf2, HS-GCS, LS-GCS and decreasing AChE. In addition, 
it activates astrocytes through increasing expression of GFAP. The protective role of CMN and CMMN is related to their 
potent antioxidant effect. Much improvement has been detected with NCMN as compared to CMN.
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Introduction

Deltamethrin (DLM) is a type II pyrethroid (Breckenridge 
et  al. 2009). Pyrethroids are the most commonly used 
pesticides and are extensively used insecticides in indoor 
environments (Saillenfait et al. 2015). They are found in 
many agriculture’s preparations, pet shampoos and scabies-
treating medication (Saillenfait et al. 2015). Their usage 
has increased in the last 2 decades due to their efficacy and 
restrictions on the use of organophosphates (Williams et al. 
2008).

Pyrethroids are lipophilic compounds that cross the 
blood–brain barrier and reach the brain at neurotoxic con-
centrations (Wozniak et al. 1990). The relation between 
long-term exposure to pyrethroids and neurobehavio-
ral disorders was recognized in many works (Wagner-
Schuman et  al. 2015; Richardson et  al. 2015). Type I 
compounds induce T (tremor) syndrome, while type II 
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compounds cause CS (choreoathetosis and salivation) syn-
drome (Verschoyle and Aldridge 1980; Ray 1982). Unlike 
other pyrethroids, DLM has no peripheral nervous effect 
(Wolansky and Harrill 2008), as CNS represents its main 
neurotoxic goal (Wolansky and Harrill 2008). In vitro 
studies have revealed that DLM affects differentially neu-
ronal subtypes in hippocampus (Grosse et al. 2002) and 
induces apoptotic cell death in cultured cerebro-cortical 
neurons (Wu et al. 2003). In vivo studies have shown that 
DLM modifies the expression of P 53, Bax Bcl-2 in rat 
brain (Wu et al. 2000) and inhibits the dopaminergic and 
cholinergic neurotransmission mechanisms (Wu et  al. 
2000; Hossain et al. 2005). The mechanisms of the tox-
icity of pyrethroids are linked to induction of oxidative 
stress, production of free radicals, increased lipid peroxi-
dation, and disruption of the total antioxidant potential 
(Radovanović et al. 2017).

Hippocampus is a major component of the brain. It is 
involved in memory forming, organizing, and storing (Arisi 
2014). Hippocampus is a target organ of DLM neurotoxic-
ity (Huang et al. 2019). Inducing apoptosis of hippocam-
pal neurons is one of mechanisms by which DLM induces 
neurotoxicity which finally leads to impairment of learning 
and memory (Gasmi et al. 2017; Nieradko-Iwanicka and 
Borzęcki 2015).

Curcumin (CMN) is derived from the rhizomes of Cur-
cuma longa turmeric and is used as a spice and food coloring 
agent (Menon and Sudheer 2007). It has antioxidant, anti-
inflammatory and immunomodulatory properties (Menon 
and Sudheer 2007). It exhibits its antioxidant effect through 
free radical-scavenging activity (Kocaadam and Şanlier 
2017). CMN has a protective role against oxidative stress-
mediated neuropathy, cardiomyopathy, nephropathy, retinal 
neurodegeneration, testicular dysfunction and hepatic injury 
(Yan et al. 2017; Rashid and Sil 2015; Mandal et al. 2009). 
There are many challenges that limit the clinical applica-
tion of CMN, among which are its poor aqueous solubility, 
poor bioavailability in organs photodegradation, chemical 
instability, rapid metabolism, and short half-life (Lu et al. 
2015; Huang et al. 2015; Anand et al. 2007). Nano-curcumin 
(NCMN) provides a very efficient solution. Nano-emulsions 
are nano-carriers that represent a very promising delivery 
system for CMN (Onoue et al. 2010). Its oral absorption 
efficacy is 40-fold greater than that of CMN in both rats and 
humans (Sasaki et al. 2011) and has a better pharmacoki-
netic profile (Onoue et al. 2010).

We hypothesized that DLM induces adverse hippocam-
pal damage through oxidative stress. So, we aimed to prove 
that oxidative stress is the common mechanism responsible 
for hippocampal neurotoxicity induced by DLM. We also 
compared the protective role of CMN and NCMN over this 
toxicity. Morris water maze was used to determine the hip-
pocampal-dependent learning affection.

Materials and methods

Animals

Wistar albino rats were obtained from the Animal House, 
Faculty of Medicine, Cairo University. The rats were 
housed in 12 h dark–light manner with food and water 
available ad libitum.

The experimental design was in accordance with the 
guidelines of the Institutional Animal Care and Use Com-
mittee (CU-IACUC), Cairo University (CU-III-F-40-19). 
The work complied with the ARRIVE guidelines and was 
carried out in accordance with the U.K. Animals (Scien-
tific Procedures) Act 1986 and associated guidelines, EU 
Directive 2010/63/EU for animal experiments. The study 
was done according to the ethical standards of the National 
Institutes of Health guide for the care and use of Labora-
tory Animals (8th edition, revised in 2011).

Test materials

Deltamethrin was obtained from Chem Service Inc, West 
Chester, PA. DLM was dissolved in the corn oil and 
administered via oral gavage at 1/10 of  LD50 (15 mg/kg) 
once daily for 30 days (Sharma et al. 2014). The  LD50 
value for DLM is 128 mg/kg (based on administration of 
the compound in the corn oil) (Frank et al. 2000). The 
repeated exposure for 1 month was chosen to represent 
subacute exposure (Klaassen et al. 2010).

Curcumin was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). The dose of CMN (2.5 mg/kg BW) was 
selected from the study of Kalpana and Menon (Kalpana 
and Menon 2004). CMN was dissolved in dextrose 5% and 
administered via gavage.

Nano-curcumin was purchased from Nanotech Egypt 
for photoelectronic communication Center. The dose of 
NCMN was 2.5 mg/kg BW (the same dose of CMN to 
compare the potency of both components). NCMN was 
dissolved in dextrose 5% and administered via gavage.

NCMN was prepared by slightly modifying the method 
of Basniwal (Bhawana et al. 2011). For synthesis of NCMN, 
a solution was prepared by dissolving 0.018 M curcumin in 
30 mL dichloromethane. It was mixed dropwise (flow rate 
0.2 mL/min) in warm (50 °C) Milli-Q ultrapure water for 
10 min under ultrasonic-pulse sonication conditions with a 
constant stirring at 600 rpm (Hielscher Ultrasonic Proces-
sor- UP100H, Germany). The colored solution containing 
NCMN was separated by centrifugation. It was autoclaved 
and then freeze-dried at 2808 °C. After that, the sample 
was lyophilized (EYELA-FDU-2000, Japan) to obtain a dry 
orange powder of NCMN.



159Histochemistry and Cell Biology (2020) 154:157–175 

1 3

Health status and general toxicological profile

General toxicological data were recorded including food and 
water consumption, motility, and health status. The body 
weight was recorded at beginning and end of work.

Morris water maze (MWM) (Nunez 2008; Hossain 
et al. 2005)

MWM was used to evaluate the rats’ ability to store and 
manage spatial information [escaping the aversive situation 
(pool water) and reaching the refuge as quickly as possible]. 
Data were acquired and analyzed with a live video tracking 
system.

The maze consisted of a circular pool (100 cm diame-
ter × 30 cm height) filled with water at 23 ± 1 °C (the rela-
tively low-temperature water gives the test aversive nature). 
Water was made white opaque with powdered milk (Cat # 
902887, MP Biomedicals, Solon, OH). The hidden platform 
(5 cm diameter × 18 cm height) was submerged 1.5 cm below 
the water surface. The maze was positioned in a room with 
external landmarks which are large colored papers fixed to 
the wall and visible to the swimming animal. The external 
landmarks are arranged as the following; N.: white square, 
S.: green diamond, E.: yellow triangle and W.: blue circle. 
These landmarks were to create a geographical map and to 
navigate the platform site. The platform was placed in the 
middle of the east quadrant and remained in the same posi-
tion during acquisition.

During acquisition, each animal had four trials daily 
at 1-min interval for 7 days. Each animal was released 
from one of the quadrants facing the wall of the pool. 
The order of the start location was rotated every trial as 
south–west–north–south and each trial lasted until the ani-
mal found the platform within 60 s and remained on the 
platform for 30 s. If the animal failed to find the platform 
within 60 s, it was placed on the platform for 30 s. At the end 
of each trial, rats were removed, dried and placed in cages 
under heating lamps until the next trial.

A visual cue test was performed at beginning of training 
(day 1) and end of the last session (day 7) to identify whether 
there were any visual or motor deficits that impaired the rats’ 
performance. For this test, the platform was set one above 
the water level and marked with black tape so that the rats 
could locate the platform via a local visual stimulus rather 
than depending on spatial orientation to extra-maze cues.

Experimental design

Thirty-two Wistar rats were randomly categorized into 
four groups: control group, DLM-treated group, CMN-
treated group (DLM and CMN were given concomitantly) 
and NCMN-treated group (DLM and NCMN were given 

concomitantly). The sample size was based according to the 
resource equation method. The study continued for 30 days 
(subacute intoxication). Then, all rats were sacrificed. Hip-
pocampus was processed for biochemical, histological, and 
immunohistochemical study.

Tissue sampling

The hippocampus was dissected and fixed immediately in 
10% formalin saline. Hippocampal subfields (CA1, CA2, 
CA3) were manually outlined on each slice using the Aperio 
Image  Scope® CS (Suvarna et  al. 2019). To randomize 
selection, every tenth section (5 µm thick) was put aside 
for staining.

Light microscopic study

The hippocampal sections were stained with hematoxylin 
and eosin (H&E) and cresyl violet stains. The stained sec-
tions were examined using Leica microscope and photo-
graphed using a Canon digital camera connected to an IBM 
computer system. Image analysis was performed using the 
software Leica Quin 500, Germany.

Cresyl violet staining (Nissl staining) (Zhu et al. 
2015; Suvarna et al. 2019)

This method is used for the recognition of Nissl body in 
the cytoplasm of neurons, to recognize the basic neuronal 
structure from necrotic neurons in hippocampus. The slide-
mounted hippocampal sections were differentiated in 95% 
ethyl alcohol for 5 h before staining, rinsed in 75% ethyl 
alcohol for 5 min and in distilled water for 5 min. Next, the 
sections were stained in 0.1% cresyl violet (Sigma) solu-
tion for 2–3 min and then rinsed quickly in distilled water. 
After decolorization in 75% ethyl alcohol, the sections were 
dehydrated in 95%, 100% ethyl alcohol for 2 min, cleared 
in xylene for 2–3 min and mounted with Permount (Fisher 
Scientific) in a fume hood. The amount of the cell in the 
hippocampus area  (mm2) was calculated by Optilab Image 
Raster software.

Immunohistochemical study (Suvarna et al. 2019)

Deparaffinized sections were processed for immunohis-
tochemistry for caspase-3 and glial fibrillar acidic protein 
(GFAP) markers. Avidin–biotin immunohistochemical 
staining technique was done according to the manufactur-
er’s instructions. The kit was supplied by Dako (catalog no. 
M0724) and the clone was DE-R-11. The primary antibodies 
against DLM were GFAP at a 1:2500 dilution (ab7260) and 
caspase-3 at a 1:1000 dilution (ab13847).
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The second, fourth, sixth, eighth, tenth, twelfth and four-
teenth consecutive coronal sections containing hippocampus 
were put on positively charged glass slides. Paraffin sec-
tions were deparaffinized, hydrated, and then put in 10% 
 H2O2 to block endogenous peroxidase activity. Unmasking 
of antigenic sites was carried out by transferring the sec-
tions into a jar containing 0.001 M citrate buffer (pH 6) and 
then boiling in a microwave for 4 min at temperature grade 
VIII, followed by 2 min at grade II. Incubation with 1/100 
normal rabbit serum for 20 min was carried out to block the 
nonspecific background staining. The diluted goat anti-rat 
primary antibody was then added on the slides and kept for 
2 h. The slides were then washed with PBS and 1/400 bioti-
nylated rabbit anti-goat IgG secondary antibody was then 
added to the slides and kept for 1 h. Streptavidin peroxidase 
was then added to bind with biotin residue on the linking 
antibody for 10 min and then washed with PBS. The site 
of antibody immunostaining was visualized using the avi-
din–biotin–peroxidase complex (ABC reagent) for 30 min. 
Freshly prepared diaminobenzidine was used as chromo-
gen. The sections were incubated with diaminobenzidine 
for 10 min and then washed with tap water, dehydrated, and 
mounted. Positive control for GFAP and caspase-3 was IHC-
Fr: rat brain tissue.

Quantitative morphometric study for caspase‑3‑ 
and astrocyte‑positive cell

The dark brown caspase-3-positive cells and dark brown 
immunoreactive astrocytes from different hippocampal 
regions were visualized using a Leica Qwin 500 image ana-
lyzer computer system (England). The positive cells were 
counted at higher magnification from a total of six sections 
per animal and three animals/group (Hossain et al. 2015). 
The number of caspase-3- and GFAP-positive cells was 
measured manually using digital photomicrographs.

Biochemical analysis

Hippocampal homogenates were processed for estimation 
of MDA, GSH, CAT, SOD and acetylcholinesterase (AChE) 
activity by ELISA kits supplied by My BioSource, USA.

Malondialdehyde (MDA), an oxidative stress and a lipid 
peroxidation marker, was measured according to Tipple and 
Rogers (Tipple and Rogers 2012). 100 mg of hippocampal 
tissue was homogenized in 1 mL of PBS, pH 7.0 with a 
micropestle in a microtube. 20% trichloric acid solution was 
added to the tissue homogenate to precipitate the protein and 
centrifuged. 0.8% thiobarbituric acid solution was added to 
the supernatants. After boiling for 10 min, the absorbance 
was measured at 405 nm. The concentration of MDA was 
calculated using the standard curve and expressed per mg of 
protein (U/mg protein).

Tissue glutathione (GSH) content was measured accord-
ing to Tipple and Rogers (Tipple and Rogers 2012). The 
measurement was based on the reduction of diaminobenzi-
dine (DAB) with reduced glutathione to produce a yellow 
compound. DAB-stained pixels were selected by setting a 
threshold on the blue channel values. The reduced chromo-
gen was directly proportional to GSH concentration and its 
absorbance was measured at 405 nm. Concentration of GSH 
was expressed per mg of protein (U/mg protein).

Catalase (CAT) activity was measured according to 
Aebi’s method (Aebi 1984). Twenty microliters of 10% hip-
pocampal homogenate was added to a cuvette containing 
780 µL of sodium phosphate buffer and 200 µL of hydro-
gen peroxide  (H2O2, 3%). Catalase activity was measured at 
240 nm for 3 min using a spectrophotometer. The activity 
of one unit is equal to the µmoles of  H2O2 degraded per 
minute per milligram of protein (µmol/H2O2 utilized/min/
mg protein).

Superoxide dismutase (SOD) activity was evaluated 
according to the modified Misra and Fridovich’s method 
(Misra and Fridovich 1972). Five microliters of 10% hip-
pocampal homogenate was added to 1965 µl of sodium 
carbonate buffer and to ten microliters of bovine catalase. 
Twenty microliters of 30 mM epinephrine were added to the 
mixture. SOD activity was measured at 480 nm for 5 min 
on a spectrophotometer. The activity was expressed as the 
amount of the enzyme that inhibits the oxidation of epineph-
rine by 50%, which is equal to 1 U per milligram of protein.

AChE activity was measured according to the Ellman 
method (ELLMAN et al. 1961). 3 mL of 5,50-dithiobis-2-ni-
trobenzoic acid (DTNB) prepared in 0.01% buffered isotonic 
saline solution and 0.9 mL of acetylthiocholine iodide solu-
tion were added to 0.3 mL 10% hippocampal homogenate. 
This mixture was incubated at 37 °C for 20 min. 0.3 mL 
of eserine salicylate solution was added and mixed to stop 
the enzymatic reaction. The absorbance was determined 
at 405 nm. AChE activities were calculated from standard 
curve prepared using different concentrations of reduced 
glutathione at 412 nm. AChE activity is stated as µmol prod-
uct per mg of protein (U/mg protein).

Gene expression of gamma‑glutamyl cysteine 
synthetase heavy (GCS‑HS) and light (GCS‑LS) 
subunits, NF‑E2‑related factor 2 (Nrf2) using RT‑PCR

Total RNA extraction

Total RNA was extracted from hippocampal tissues using 
the TRIzol method according to the manufacturer’s protocol. 
RNA was removed by homogenization in TRIzol reagent 
(Invitrogen, Life Technologies, USA). The tissue homogen-
ate was then incubated for 5 min. A 1:5 volume of chloro-
form was added and the tube was vortexed and centrifuged at 
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12 000 g for 15 min. The aqueous phase was isolated and the 
total RNA was precipitated with absolute ethanol. The total 
RNA was finally eluted in 20 μL of the RNase-free water. 
The RNA concentrations and purity were measured with an 
ultraviolet spectrophotometer.

Complementary DNA (cDNA) synthesis

The cDNA was synthesized from one ug RNA using Super-
script III First-Strand Synthesis System as described in the 
manufacturer’s protocol (Invitrogen, Life Technologies). In 
brief, 1 ug of total RNA was mixed with 50 μM oligo (DT) 
20, 50 ng/μL random primers, and 10 mM dNTP mix in a 
total volume of 10 μL. The mixture was incubated at 56 °C 
for 5 min and then placed on ice for 3 min. The reverse 
transcriptase master mix containing 2 μL of 10 × RT buffer, 
4 μL of 25 mM MgCl2, 2 μL of 0.1 M DTT, and 1 μL of 
 SuperScript® III RT (200 U/μL) was added to the mixture 
and was incubated at 25 °C for 10 min followed by 50 min 
at 50 °C.

Real‑time quantitative PCR

The relative abundance of mRNA species was assessed using 
the SYBR Green method on an ABI prism 7500 sequence 
detector system (Applied Biosystems, Foster City, CA). PCR 
primers were designed with Gene Runner Software (Hast-
ing Software, Inc., Hasting, NY) from RNA sequences from 
Gen Bank. All primer sets had a calculated annealing tem-
perature of 60°. Quantitative RT-PCR was performed in a 
25-μl reaction volume consisting of 2X SYBR Green PCR 

Master Mix (Applied Biosystems), 900 nM of each primer 
and 2–3 μl of cDNA. The PCR amplification consisted of 
an initial denaturation for 5 min at 95 °C, followed by 35 
cycles of 30 s denaturation at 95 °C, annealing for 30 s at 
50 °C and extension for 2 min at 72 °C. The final extension 
step was carried out at 72 °C for 7 min. Data from real-time 
assays were calculated using the v1·7 Sequence Detection 
Software from PE Biosystems (Foster City, CA). Relative 
expression of studied gene mRNA was calculated using the 
comparative Ct method. All values were normalized to the 
beta actin gene and reported as fold change over background 
levels detected in diseases group.

Western blotting analysis (Li et al. 2013)

Protein samples were resolved on 10% SDS polyacrylamide 
gels and were transported to nitrocellulose membranes. 
Membranes were blocked in Tris-buffered saline (TBS) 
with 0.1% Tween-20 and 5% nonfat dry milk for 1 h. After 
that, they were incubated overnight with primary antibodies 
diluted in the identical buffer. Nrf2 was used in the dilution 
of 1:500 and GAPDH in the dilution of 1:8000. After the 
washing with 0.1% Tween-20 in TBS, the membranes were 
incubated with peroxidase-conjugated secondary antibodies 
for 1 h and then rinsed and developed using the ECL chemi-
luminescent detection system. Blots were then visualized 
with X-ray films. The results were analyzed using the Band 
Scan 4.3 software. Densitometry was normalized against the 
signal obtained from coincubation with anti-GAPDH.

Primer sequence used in the study

Table 1  Comparison of the 
body weight among the different 
groups at the end of study

The mean weight ± SD at the beginning of the study was 215 ± 11 g, minimum 190 g, 235 g
*Significant

Group BW (g) Mean ± SD Minimum Maximum Versus group P value

Control 270.3 ± 15.8 250 290 DLM-treated 0.000*
CMN-treated 0.001*
NCMN-treated 1.000

DLM-treated 220 ± 7.9 210 230 Control 0.000
CMN-treated 0.05*
NCMN-treated 0.000*

CMN-treated 238.6 ± 6.1 230 245 Control 0.001*
DLM-treated 0.05*
NCMN-treated 0.009*

NCMN-treated 262.2 ± 5.6 255 270 Control 1.000
DLM-treated 0.000*
CMN-treated 0.009*
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Gene Primer sequence

GCS-LS Forward primer: 
5′-GCA CAA AGC 
GCT GAG TCA 
CGGG-3′

Reverse primer: 
5′-GCC CGT GAC 
TCA GCG CTT 
TGTG-3′

Nrf2 Forward primer: 
5′-CCA TTT ACG 
GAG ACC CAC -3′

Reverse primer: 
3′-CTT ATT TCA 
ACG GCG AGT -5′

Statistical analysis

Statistical analysis was performed using statistical package 
for the social sciences (SPSS) version 21.0 (IBM Corpora-
tion, Somers, NY, USA) statistical software. The data were 
expressed as mean ± standard deviation (SD). Statistical 
evaluation was done using one-way analysis of variance 
(ANOVA) followed by Bonferroni pairwise comparisons. 
Significance was considered when the p value was less than 
0.05.

The percentage of increase or decrease (difference) of all 
study parameters was calculated per the following formula: 
Percentage of difference = (Mean difference value between 
two groups)/(Value of the compared group) × 100.

Results

General toxicological profile and mortality (Table 1)

The DLM-treated rats looked sicker compared to other 
treated animals. Five rats died during the study: three from 
the DLM-treated group, one from the CMN-treated group 
and one from the NCMN-treated group.

At the beginning of the study, the rats’ weight was 
215 ± 11 g. At the end of experiment, weight of the DLM-
treated group was 18.5% lower than that of the control 
group. Weight of the CMN- and NCMN-treated groups was 
8.1 and 19% higher than that of the DLM-treated group. 
Compared to that of the CMN-treated group, weight of the 
NCMN-treated group was 10% higher.

Structure of hippocampus as revealed by H&E 
staining (Figs. 1–3)

The control group presented normal hippocampal mor-
phology. The hippocampal areas are CA1, 2 and 3. The 

hippocampal layers are polymorphic, pyramidal and molecu-
lar. Pyramidal neurons had larger cell bodies and only one 
nucleolus.

CA1, 2, 3 areas of DLM-treated rats exhibited degener-
ated, vacuolated and apoptotic pyramidal neurons. This was 
a consistent result in all specimens that suggests a highly 
impaired general organ condition after the treatment with 
DLM. Improvement of pyramidal neurons was observed in 
CMN- and NCMN-treated groups. Few apoptotic pyrami-
dal neurons were seen in the CMN-treated group, while the 
neurons in the NCMN-treated group were nearly normal.

Structure of hippocampus as revealed by cresyl 
violet staining

Pyramidal neurons showed their normal appearance in the 
control group with normal Nissl bodies staining. With use 
of DLM, pyramidal neurons exhibited degeneration and 
shrinkage with strong Nissl bodies staining. Little degen-
eration of pyramidal neurons with normal Nissl bodies stain-
ing was realized in CMN-treated group. Pyramidal neurons 
of NCMN-treated group were nearly completely normal 
(Fig. 4).

Pyramidal cell density in the CA1 and CA3 area 
decreased significantly as compared to other groups. A 
significant improvement in the pyramidal cell density was 
observed in CMN- and NCMN-treated groups as com-
pared to that of the other two groups. The improvement in 
NCMN-treated group was better than that of CMN-treated 
group (Fig. 5).

Caspase‑3 immunohistochemistry

Caspase-3 immunohistochemistry proved the presence of 
dark brown immunoreactive apoptotic pyramidal neurons 
(Fig.  6). DLM increased apoptotic pyramidal neurons 
(eightfold increase) as compared to that of control group. 
Improvement was observed with use of CMN, as there was 
a threefold increase in the number of apoptotic neurons as 
compared to that of control group. A non-significant dif-
ference was observed between NCMN-treated group and 
control group (Table 2).

Fig. 1–3  a Normal pyramidal neurons of the control rats. b Degen-
erated and vacuolated pyramidal neurons (arrowhead), apoptotic 
pyramidal neurons (arrows) in the DLM-treated rats. c Normal 
pyramidal neurons (P), degenerated and vacuolated pyramidal neu-
rons (arrowheads), apoptotic pyramidal neurons (arrows) in the 
CMN-treated rats.  d Normal pyramidal neurons (P) of the NCMN-
treated rats. H & E, scale bar, 50 µm (a–d)

▸
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GFAP immunohistochemistry

GFAP immunohistochemistry exhibited the presence of 
dark brown immunoreactive astrocytes in different hip-
pocampal regions (Fig. 7). Treatment with DLM signifi-
cantly increased the number of GFAP-immunoreactive 
astrocytes (176%) as compared to that of control group. 
Much improvement was observed with use of CMN (85% 
increase in the number of GFAP) as compared to that of 
control group. A non-significant difference was observed 
between NCMN-treated group and control group (Table 2).

Level of oxidant/antioxidant markers (Table 3)

DLM promoted lipid peroxidation. The level of MDA in 
hippocampal homogenates increased in DLM-treated group 
by 354% as compared to that of the control group. With use 
of CMN and NCMN, MDA decreased by 38, 60% as com-
pared to that of DLM-treated group. However, MDA in both 
groups was still higher than that of control group (178, 80%, 
respectively).

Administration of DML decreased the level of antioxidant 
markers. Compared to the control rats, DML-treated animals 

showed a decrease in GSH, SOD and CAT by 61, 61, and 
57%, respectively. With use of CMN and NCMN, levels of 
GSH increased by 69, 125%, SOD increased by 61, 135% and 
CAT increased by 80, 118% compared to their similarities of 
DLM-treated group. The increased level was more prominent 
in NCMN-treated group. The level of all markers of NCMN-
treated group reached their similarities of the control group.

Level of AChE, GCS‑LS, GCS‑HS and Nrf2 (Table 4, 
Fig. 8)

Administration of DLM reduced the level of AChE by 50% 
compared to that of the control group. With use of CMN and 
NCMN, the enzyme level increased by 50, 75% compared 
to that of DLM-treated group. However, the enzyme level in 
the last two groups did not reach the level of control group 
(25 and 13% lower, respectively).

With use of DLM, the mRNA expression of GCS-LS and 
GCS-HS increased by 140, 104% compared to that of the 
control group. With use of CMN and NCMN, the level of 
GSH-LS decreased by 46 and 44% and the level of GCS-HS 
decreased by 20% compared to that of DLM-treated group.

Fig. 1–3  (continued)
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The mRNA expression of Nrf2 increased in DLM-treated 
group by 200% compared to that of the control group. With 
use of CMN and NCMN, Nrf2 decreased by 24 and 55% 
compared to that of DLM-treated group. Though, Nrf2 in 
both groups still higher than that of the control group (126, 
33%, respectively).

Relative mRNA level of Bax, Bcl‑2 and Bax/Bcl‑2 
ratio (Table 5)

Compared to the control group, the expression of Bax in 
DLM-treated group was 144% higher, while the expression 
of Bcl-2 of this group was 68% lower. With use of CMN, the 
expression of Bax became 62% higher, while the expression 
of Bcl-2 became 40% lower as compared to that of the con-
trol group. Finally, the expression of Bax in NCMN-treated 
group was 14% higher, while the expression of Bcl-2 was 
15% lower as compared to that of the control group.

Bax/Bcl-2 ratio of DLM-treated group increased 681% 
as compared to that of the control group. With use of CMN 
and NCMN, the ratio increased 171 and 37%, respectively, 
as compared to that of the control group, while the ratio 
decreased 65 and 82%, respectively, as compared to that of 
DLM-treated group.

Impairment of learning

The control group showed daily perfections in their abili-
ties to find the hidden platform (escape latency decreased 
over the training period) and percentage of time spent in 
the target quadrant increased. The DLM-treated animals 
showed an impaired acquisition process (escape latency 
was longer as compared to that of the control group) and 
percentage of time spent in the target quadrant was shorter 
as compared to that of the control group. The ability of 
rats in CMN- and NCMN-treated groups to find the hidden 

Fig. 4  a: Normal pyramidal neurons (P) with normal staining of 
Nissl bodies in the control group. b. Degeneration with shrinkage and 
strong staining of Nissl bodies (arrows) in the DLM-treated rats. c, d 
Little or no signs of degeneration of pyramidal neurons (P) with nor-

mal staining of Nissl bodies (arrowheads) in the CMN- and NCMN-
treated groups, respectively. Cresyl violet staining, scale bar, 50 µm 
(a–d)
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platform displayed much better findings as compared to that 
of DLM-treated rats. In addition, percentage of time spent 
in the target quadrant in both groups was longer as com-
pared to that of DLM-treated group. Finally, the behavior 
performance in NCMN-treated rats was better than that of 
CMN-treated rats (Fig. 9).

Discussion

In our study, DLM-treated rats looked sick with a signifi-
cant decrease in their body weight. Such findings could be 
attributed to direct cytotoxic effect of DLM on somatic cells 

leading to malabsorption of nutrients from the gastrointes-
tinal tract (Ball and Chhabra, 1981). Severe deterioration 
of the general condition with final death was observed in 
five rats (3/8)(37.5%). The rats’ death declined in CMN and 
NCMN-treated groups to become one rat in each group (1/8)
(12.5%). Such decline reflected the overall general protective 
role of CMN and NCMN against DLM toxicity.

We aimed to prove that oxidative stress is the common 
mechanism responsible for DLM-induced hippocampal neu-
rotoxicity. As reported by others (Sayeed et al. 2003; Ding 
et al. 2017), oxidative stress is the one of the mechanisms 
through which DLM induces its neurotoxicity. It has a nega-
tive influence on nervous system (Salim 2017). It is defined 
as a shift in balance between oxidants and antioxidants in 
favor of oxidants (Birben et al. 2012). While the use of DLM, 
MDA (oxidant, lipid peroxidation marker) increased, CAT, 
SOD and GSH (antioxidant markers) decreased. DLM oxi-
dative damage is the consequence of free radical formation 
(ROS)  (O2

−,  HO− radicals, and  H2O2) (Li et al. 2011), with 
concomitant lipid peroxidation. Generation of ROS may 
result from reactive metabolites of DLM (Li et al. 2011). 
The observed increase in SOD is caused by its role in facili-
tation of spontaneous dismutation of superoxide radicals 
to generate  H2O2, which is further removed by CAT(Saso 
and Firuzi 2014). GSH is increased as it is a nonenzymatic 
endogenous antioxidant that offers neutralizing function by 
chelation of transition metals (Chance et al. 1979).

We measured the transcription factor Nrf2 as it is a chief 
mediator of oxidative stress response (Li et al. 2011). It is a 
keystone in cellular defense against oxidants and regulation 
of oxidative stress detoxification (Mohammadi et al. 2019). 
Nrf2 increased in DLM-treated group by 200% which is 
caused by the increase of Nrf2 gene transcription (Li et al. 
2011). The toxic insult of DLM with concomitant GSH 
depletion promoted Nrf2 translocation to nucleus, where 
it forms a transactivation complex that binds to antioxi-
dant response element (ARE) (Nguyen et al. 2003). Con-
sequently, Nrf2-induced ARE activation directs expression 
of many genes that combat oxidative stress (Copple et al. 
2008).

The cellular level of GSH (γ-glutamyl-cysteinyl-glycine) 
is determined by the balance of its synthesis rate and its 
utilization and loss rate (Kaplowitz et al. 1985). γ-Glutamyl 
cysteine synthetase (GCS) is the major determinant rate of 
GSH synthesis (Richman and Meister 1975). It is composed 
of heavy and light subunits. The heavy subunit (HS) exhib-
its all the catalytic activity of the enzyme, while the light 
subunit (LS) is enzymatically inactive (Huang et al. 1993). 
mRNA levels of both subunits were elevated in DLM-treated 
group. Such elevation was the result of oxidative stress as 
reported by many researchers (Moinova and Mulcahy 1998, 
1999). Consequently, DLM upregulated both HS and LS 
subunits.

Fig. 5  Bar charts showing pyramidal cell density in CA1 and CA3 
areas. The density in DLM-treated group decreased significantly 
as compared to that of control, CMN- and NCMN-treated groups 
[p = 0.000 (*), p = 0.001 (#), p = 0.000 ($), respectively]. Though 
the density in CMN-treated groups increased as compared to that of 
DLM-treated group [p = 0.001 (**)], the density was significantly 
less than that of the control and NCMN-treated groups [p = 0.000 
(**), ($$), respectively]. Finally, the density in NCMN-treated groups 
was significantly better than that DLM- and CMN-treated groups 
[p = 0.000 (***), p = 0.001 (###), respectively]; however, the density 
was significantly less than that of the control group [p = 0.000 ($$$)]
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AChE is the key enzyme that hydrolyzes acetylcholine 
and is used as a specific biomarker (Guilhermino et al. 
1996). The enzyme level decreased in DLM-treated group 
by 50% compared to the control group and similar findings 
were reported by others (de la Torre et al. 2002). AChE is 
mostly inhibited by ROS which in turn affects neurotrans-
mission in cholinergic synapses (Muthulakshmi et al. 2018).

Structural affection of pyramidal neurons and astrocytes 
was observed with use of DLM. Nerve cells and astrocytes 
are susceptible to oxidative stress because of its high oxygen 
consumption and modest antioxidant defenses (Halliwell 
1992). Oxidative stress from exogenous substances could 
potentially attack DNA and promote genotoxicity, including 
micronucleus induction, chromosomal and nuclear abnor-
malities and DNA breaks (Lu et al. 2019). Deltamethrin-
exposed rat brain exhibited significantly increased oxida-
tive stress and DNA fragmentation using the diphenylamine 
and DNA laddering assays (Ogaly et al. 2015). In addition, 
oxidative stress causes cellular apoptosis (Rai et al. 2015). 
Deltamethrin induced shrinkage of Nissl bodies with an 

eightfold increase in apoptosis nerve cells. Apoptotic effect 
of DLM over hippocampus was documented in many litera-
tures (Huang et al. 2019; Guo et al. 2008; Li et al. 2004). It 
is characterized by major changes in nuclear morphology, 
minor changes in cytoplasmic organelles and overall cell 
shrinkage with formation of apoptotic bodies. Abnormal 
neuronal apoptosis has severe effects on the nervous sys-
tem (Wang et al., 2015). We quantified pyramidal neuron 
densities in the hippocampal CA1–CA3 regions to prove 
that the observed induction of apoptosis markers results 
in a decline in total neuronal cell numbers. DLM induced 
apoptosis through affecting the caspases system. Caspases, 
a family of cytoplasmic proteases, play a significant role 
in the effector phase (no return point) of apoptosis (Rami 
et al. 2003). 16 different caspases have been recognized 
(Porter and Jänicke 1999). Caspase-3 is the most abundant 
of the recognized caspases in the brain (Kuida et al. 1996). 
It hydrolyzes vital structural and functional proteins of the 
cell, eventually leading to apoptosis (Li et al. 2015). Many 
researchers recognized the role of DLM in activation of 

Fig. 6  a Absent immunoreaction (arrowheads) in the control group. 
b Dark brown caspase-3-positive cells (arrows) in the DLM-treated 
rats. c Neurons with caspase-3-positive cells (arrows) and -negative 

cells (arrowheads) in the CMN-treated rats. d Absent immunoreac-
tion (arrowheads) in the NCMN-treated rats. Caspase-3 immunostain-
ing, scale bar, 50 µm (a–d)
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caspase-3 in vitro and in vivo (Huang et al. 2019). Caspases 
mechanism is negatively regulated by Bcl-2 family (Adams 
and Cory 1998). Bax and Bcl-2 are representative members 
of this family (Tsujimoto 1998). Bax promotes apoptosis, 
while Bcl-2 prevents apoptosis (Tsujimoto 1998). Bcl-2/
Bax ratio tips the balance toward cell survival or cell death 
(Oltvai et al. 1993). Compared to the control group, the 
expression of Bax in DLM-treated group was 144% higher 
while the expression of Bcl-2 was 68% lower, so DLM 
upregulates the expression of Bax and downregulates the 
expression of Bcl-2. Inducing apoptosis of hippocampal 
neurons by DLM finally leads to impairment of learning 
and memory (Gasmi et al. 2017; Nieradko-Iwanicka and 
Borzęcki 2015).

The Nissl staining study suggests immanent changes in 
rough ER morphology in response to DLM application. The 
induction of ER stress response was recently described in rat 
hippocampal neurons after subacute DLM treatment (Hos-
sain et al. 2019). Higher rates of protein folding during ER 
stress will lead to increased production of ROS. Moreover, 
one of the consequences of the ER stress response is a mis-
balance in the expression of pro- and anti-apoptotic protein 
which was observed in our study.

Astrocytes play a crucial role in homeostasis, including 
antioxidant protection of neurons (Kimelberg and Neder-
gaard 2010). One of the pathological signs of neurodegen-
erative insult is enormous activation of astrocytes that is 
recognized by an increased expression of GFAP (Zamanian 

Table 2  Comparison of the 
immunostaining variables 
among different groups

*Significant

Group Mean ± SD Minimum Maximum Versus group P value

Caspase-3+ cells/six 
sections/animal

Control 3.0 ± 1.6 1 5 DLM-treated 0.000*
CMN-treated 0.011*
NCMN-treated 1.000

DLM-treated 27.2 ± 5.6 20 35 Control 0.000*
CMN-treated 0.000*
NCMN-treated 0.000*

CMN-treated 10.4 ± 2.19 8 13 Control 0.011*
DLM-treated 0.000*
NCMN-treated 0.022*

NCMN-treated 3.6 ± 1.1 2 5 Control 1.000
DLM-treated 0.000*
CMN-treated 0.022*

GFAP (cells  102/mm2 Control 13.6 ± 1.1 12 15 DLM-treated 0.000*
CMN-treated 0.000*
NCMN-treated 0.323

DLM-treated 37.6 ± 2.4 35 41 Control 0.000*
CMN-treated 0.000*
NCMN-treated 0.000*

CMN-treated 25.2 ± 1.9 23 28 Control 0.000*
DLM-treated 0.000*
NCMN-treated 0.000*

NCMN-treated 16 ± 1.6 14 18 Control 0.323
DLM-treated 0.000*
CMN-treated 0.000*
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et al. 2012). In our work, DLM increased the expression 
of GFAP by 176%. Many researchers suggested oxidative 
stress in activation of astrocytes (Daverey and Agrawal 
2016). The increased GFAP in DLM-treated group is an 
early response of astrocytes to protect themselves from oxi-
dative damage.

To determine cognitive dysfunction, hippocampal-
dependent learning was evaluated using MWM. DLM-
treated animals showed an impaired acquisition process 
(escape latency was longer as compared to that of the control 
group) and percentage of time spent in the target quadrant 
was shorter as compared to that of the control group.

With use of CMN, the number of GFAP and apoptotic 
neurons decreased as compared to DLM-treated group. 
The ability of rats in CMN-treated groups to find the hid-
den platform displayed much better findings as compared 
to that of DLM-treated rats. In addition, percentage of 
time spent in the target quadrant was longer as compared 
to that of DLM-treated group. Finally, behavior perfor-
mance in NCMN-treated rats was better than that of CMN-
treated rats.

The observed protective role of CMN is related to 
its potent antioxidant effect (Cole, Teter and Frautschy 
2007). It exerts its hippocampal protective effect through 

Fig. 7  Dark brown immunoreactive astrocytes (arrows), normal 
pyramidal neurons (P) and oligodendrocytes (O). a Normal immuno-
reactive astrocytes in the control group. b, c Increased number of the 
immunoreactive astrocytes and apoptotic pyramidal neurons (arrow-

heads) in the DLM- and CMN-treated rats, respectively. d Normal 
immunoreactive astrocytes in the NCMN-treated rats. GFAP immu-
nostaining, scale bar, 50 µm (a–d)



170 Histochemistry and Cell Biology (2020) 154:157–175

1 3

Table 3  Comparison of tissue 
oxidative/antioxidative markers 
among different groups

*Significant

Group Mean ± SD Minimum Maximum Versus group P value

MDA (nmol/mg protein) Control 6.6 ± 2.1 4.5 10.0 DLM-treated 0.000*
CMN-treated 0.000*
NCMN-treated 0.028*

DLM-treated 30.0 ± 4.2 25.2 35.0 Control 0.000*
CMN-treated 0.000*
NCMN-treated 0.000*

CMN-treated 18.4 ± 1.4 16.7 20.4 Control 0.000*
DLM-treated 0.000*
NCMN-treated 0.005*

NCMN-treated 11.9 ± 1.0 10.8 13.1 Control 0.028*
DLM-treated 0.000*
CMN-treated 0.005*

GSH (U/mg protein) Control 72.7 ± 5.3 65.2 78.4 DLM-treated 0.000*
CMN-treated 0.000*
NCMN-treated 0.004*

DLM-treated 27.7 ± 3.4 24.3 32.7 Control 0.000*
CMN-treated 0.000*
NCMN-treated 0.000*

CMN-treated 47.0 ± 3.0 43.8 51.2 Control 0.000*
DLM-treated 0.000*
NCMN-treated 0.000*

NCMN-treated 62.5 ± 3.2 58.2 66.8 Control 0.004*
DLM-treated 0.000*
CMN-treated 0.000*

CAT (µmol/H2O2 uti-
lized/min/mg protein)

Control 155.5 ± 16.0 131.2 173.5 DLM-treated 0.000*
CMN-treated 0.002*
NCMN-treated 0.725

DLM-treated 65.8 ± 17.0 50.2 93.4 Control 0.000*
CMN-treated 0.000*
NCMN-treated 0.000*

CMN-treated 119.0 ± 6.8 110.0 127.2 Control 0.002*
DLM-treated 0.000*
NCMN-treated 0.052

NCMN-treated 142.6 ± 5.5 135.0 149.7 Control 0.725
DLM-treated 0.000*
CMN-treated 0.052

SOD (U/mg protein) Control 17.8 ± 1.6. 16 20 DLM-treated 0.000*
CMN-treated 0.000*
NCMN-treated 0.274

DLM-treated 6.8 ± 0.8 6 8 Control 0.000*
CMN-treated 0.001*
NCMN-treated 0.000*

CMN-treated 11 ± 1 10 12 Control 0.000*
DLM-treated 0.001*
NCMN-treated 0.000*

NCMN-treated 16 ± 1.6 14 18 Control 0.274
DLM-treated 0.000*
CMN-treated 0.000*
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Table 4  Comparison of AChE, 
GCS-LS, GCS-HS, Nrf2 among 
different groups

*Significant

Group Mean ± SD Minimum Maximum Versus group P value

AChE (U/mg protein) Control 47.0 ± 3.6 41.0 50.0 DLM-treated 0.000*
CMN-treated 0.001*
NCMN-treated 0.102

DLM-treated 23.3 ± 4.8 17.3 29.3 Control 0.000*
CMN-treated 0.001*
NCMN-treated 0.000*

CMN-treated 35.0 ± 2.9 31.0 38.5 Control 0.001*
DLM-treated 0.001*
NCMN-treated 0.147

NCMN-treated 40.8 ± 3.0 36.2 44.2 Control 0.102
DLM-treated 0.000*
CMN-treated 0.147

GCS-LS mRNA levels Control 0.70 ± 0.16 0.5 0.8 DLM-treated 0.000*
CMN-treated 0.001*
NCMN-treated 0.250

DLM-treated 1.68 ± 0.15 1.5 1.9 Control 0.000*
CMN-treated 0.002*
NCMN-treated 0.000*

CMN-treated 1.22 ± 0.19 1.0 1.5 Control 0.001*
DLM-treated 0.002*
NCMN-treated 0.071

NCMN-treated 0.93 ± 0.15 0.7 1.1 Control 0.250
DLM-treated 0.000*
CMN-treated 0.071

GCS-HS mRNA levels Control 0.87 ± 0.08 0.9 1.0 DLM-treated 0.000*
CMN-treated 0.007*
NCMN-treated 0.009*

DLM-treated 1.78 ± 0.31 1.5 2.2 Control 0.000*
CMN-treated 0.122
NCMN-treated 0.091

CMN-treated 1.42 ± 0.26 1.1 1.7 Control 0.007*
DLM-treated 0.122
NCMN-treated 1.000

NCMN-treated 1.4 ± 0.16 1.2 1.6 Control 0.009*
DLM-treated 0.091
CMN-treated 1.000

Nrf2 folds Control 1.5.0 ± 0.3 1.0 1.8 DLM-treated 0.000*
CMN-treated 0.000*
NCMN-treated 0.952

DLM-treated 4.5 ± 0.8 3.5 5.5 Control 0.000*
CMN-treated 0.039*
NCMN-treated 0.000*

CMN-treated 3.4 ± 0.7 2.5 4.0 Control 0.000*
DLM-treated 0.039*
NCMN-treated 0.007*

NCMN-treated 2.0 ± 0.3 1.7 2.5 Control 0.952
DLM-treated 0.000*
CMN-treated 0.007*
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decreasing oxidants (MDA) and increasing antioxidants 
(GSH, SOD and CAT). It induces endogenous antioxidant 
defense mechanism through modulation of Nrf2 (decreased 
by 24%). In addition, CMN has free radical-scavenging 
activity (Kocaadam and Şanlier 2017). CMN inhibits 
upregulation of DLM over GFAP, HS-GCS and LS-GCS. 
Much improvement was detected with use of NCMN as it 
has efficient oral absorption and a better pharmacokinetic 
profile as compared to CMN (Onoue et al. 2010; Sasaki 
et al. 2011).

In conclusion, oxidative stress is the common mechanism 
responsible for DLM-induced hippocampal neurotoxicity. It 
exerts apoptosis of hippocampal neurons through increas-
ing Nrf2, HS-GCS, LS-GCS and decreasing AChE. In addi-
tion, it activates astrocytes through increasing expression of 
GFAP. Finally, cognitive dysfunction was observed with use 
of DLM. The protective role of CMN and CMMN is related 
to their potent antioxidant effect. Better improvement was 
detected with NCMN as compared to CMN.

Fig. 8  The mRNA expressions of Nrf2 and GCS-LS in the four 
groups were analyzed by quantitative real-time RT-PCR. β-actin 
mRNA was used as internal control to measure the relative quantita-
tion of the expression of the target gene. The expression of both genes 
increased in DLM-treated group. The expression decreased in CMN-
treated groups with more decrease in NCMN-treated group

Table 5  Comparison of BAX, Bcl-2 and BAX/Bcl-2 ratio among dif-
ferent groups

*Significant

Group Mean ± SD Mini-
mum

Max-
imum

Versus group P value

Relative 
mRNA 
level of 
Bax

Control 0.77 ± 0.17 0.55 0.95 DLM-treated 0.000*
CMN-treated 0.000*
NCMN-treated 0.863

DLM-
treated

1.88 ± 0.1 1.75 2.0 Control 0.000*
CMN-treated 0.000*
NCMN-treated 0.000*

CMN-
treated

1.25 ± 0.11 1.1 1.4 Control 0.000*
DLM-treated 0.000*
NCMN-treated 0.001

NCMN-
treated

0.88 ± 0.06 0.8 0.95 Control 0.863
DLM-treated 0.000*
CMN-treated 0.001

Relative 
mRNA 
level of 
Bcl-2

Control 1.32 ± 0.12 1.2 1.5 DLM-treated 0.000*
CMN-treated 0.000*
NCMN-treated 0.016*

DLM-
treated

0.42 ± 0.08 0.3 0.5 Control 0.000*
CMN-treated 0.000*
NCMN-treated 0.000*

CMN-
treated

0.78 ± 0.07 0.7 0.89 Control 0.000*
DLM-treated 0.000*
NCMN-treated 0.000*

NCMN-
treated

1.12 ± 0.08 1.0 1.2 Control 0.016*
DLM-treated 0.000*
CMN-treated 0.000*

Bax/
Bcl-2 
ratio

Control 0.59 ± 0.15 0.42 0.75 DLM-treated 0.000*
CMN-treated 0.131
NCMN-treated 1.000

DLM-
treated

4.61 ± 1.23 3.5 6.66 Control 0.000*
CMN-treated 0.000*
NCMN-treated 0.000*

CMN-
treated

1.6 ± 0.17 1.37 1.85 Control 0.131
DLM-treated 0.000*
NCMN-treated 0.382

NCMN-
treated

0.81 ± 0.12 0.68 0.95 Control 1.000
DLM-treated 0.000*
CMN-treated 0.382
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