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A B S T R A C T

Background: Copper (Cu) toxicity induces oxidative and nitrosative stress in hepatocytes, leading to inflammation 
and apoptosis. Nerve Growth Factor (NGF), known for its neuroprotective properties, may influence liver tissue 
via the p38 MAPK pathway; however, its role in Cu-induced hepatotoxicity remains unclear, and hence the aim 
of this study is to investigate the protective role of exogenous NGF in a Cu-induced liver injury model in mice, 
with a focus on p38 MAPK pathway.
Methods: Sixty-four adult male BALB/c mice were equally divided into eight groups, with each group receiving 
intraperitoneal injections 3 times at 24 h intervals of their respective substances at the following doses: 0.9 % 
NaCl (Control), 10 µg/kg NGF (NGF), 20 mg/kg SB203580 (p38MAPKi), 10 µg/kg NGF + 20 mg/kg SB203580 
(NGF+p38MAPKi), 20 mg/kg CuSO₄ (Cu), 20 mg/kg CuSO₄ + 10 µg/kg NGF (Cu+NGF), 20 mg/kg CuSO₄ 
+ 20 mg/kg SB203580 (Cu+p38MAPKi), and 20 mg/kg CuSO₄ + 10 µg/kg NGF + 20 mg/kg SB203580 
(Cu+NGF+p38MAPKi). Liver tissues were analyzed using histopathological, immunohistochemical, biochemical, 
and molecular methods.
Results: CuSO₄ exposure caused severe hepatic damage, evidenced by hydropic degeneration, focal necrosis, and 
elevated apoptosis (Caspase 3 and 8). It also increased ALT/AST levels and oxidative/nitrosative stress markers 
(MDA, TOC, iNOS, nitrotyrosine), while reducing antioxidant markers (GSH, TAC). NGF administration signif
icantly ameliorated these alterations, improved antioxidant status, and reduced pro-inflammatory cytokines (IL- 
1, IL-6, TNF-α). These effects were abrogated by co-treatment with SB203580, implicating p38 MAPK 
involvement.
Conclusion: NGF exerts hepatoprotective effects against Cu-induced toxicity by modulating oxidative stress, 
inflammation, and apoptosis through the p38 MAPK signaling pathway. These findings underscore NGF’s po
tential as a therapeutic candidate for oxidative liver injuries.

1. Introduction

Copper (Cu) is a widely distributed metal on Earth, known for its 
ability to readily exchange electrons allowing to act as a catalyst in the 
electron transfer processes of enzymes involved in various biological 
functions [1]. Cu plays a critical role in cellular homeostasis by 
contributing to the structure and activity of enzymes such as copper-zinc 
superoxide dismutase, ceruloplasmin, ferroxidase, lysyl oxidase, tyros
inase, dopamine-β monooxygenase, copper amine oxidase, and 
hephaestin ferroxidase [2]. Cu metabolism in humans and animals is 

regulated through intestinal absorption, hepatic storage, and excretion 
of excess Cu via bile [3]. Under physiological conditions, Cu levels are 
tightly controlled by intracellular systems, but excessive accumulation 
may result in toxicity [4]. The liver, as the central organ for Cu meta
bolism, is particularly susceptible to Cu-induced toxicity. Studies sug
gest that elevated reactive oxygen (ROS) and nitrogen species (RNS) 
play a pivotal role in Cu-induced liver damage [5,6].

Nerve Growth Factor (NGF) is a founding member of the neuro
trophin family, a group of extracellular molecules critical for the sur
vival, growth, differentiation, and function of neurons [7]. Beyond its 
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roles in nervous tissue, it is involved in various biological processes, 
including wound healing in skin and mucous membranes, corneal 
epithelial regeneration, regulation of intestinal motility and mucus 
secretion, and modulation of inflammatory responses through mast cells 
and basophils in the immune system [7,8]. NGF exerts its effects by 
binding to the TrkA receptor on the cell membrane, triggering tyrosine 
phosphorylation. This phosphorylation event activates adaptor proteins, 
which subsequently initiate intracellular signaling cascades and hence 
activate specific genes [9,10]. NGF by activating the Mitogen Activated 
Protein Kinase (MAPK) signaling pathway plays important roles in 
cellular metabolism [11].

MAPKs play essential roles in eukaryotic organisms, from yeast to 
humans, regulating fundamental processes such as cell proliferation, 
differentiation, and apoptosis [12]. Activated by growth factors, cyto
kines, and oxidative stress, MAPKs facilitate the cellular response to 
various stimuli. In mammals, MAPKs are categorized into three groups: 
extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases 
(JNK), and p38 MAPKs [13]. The p38 MAPK signaling pathway is 
particularly responsive to growth factors, environmental stressors, and 
inflammatory cytokines. NGF, as a growth factor, has been shown to 
activate this pathway [13,14]. However, the precise role of this inter
action in modulating cell damage or cell survival remains unclear. 
Therefore, this study investigates the potential role of NGF in 
copper-induced liver injury in mice, with particular emphasis on the p38 
MAPK pathway, using histopathological, biochemical, and molecular 
methods.

2. Material and methods

2.1. Animals and treatments

This study was carried out in 64 adult male BALB/c mice (weighing 
30 ± 5 g) obtained from Balıkesir University Experimental Animal 
Production, Care, Application and Research Centre with the approval of 
Balıkesir University Animal Experiments Local Ethics Committee dated 
24.02.2022 and numbered 2022/1–9. One week before the start of the 
study, the mice were placed in a room where the temperature was kept 
under control between 22◦C and humidity between 60 % and 65 % and 
12 h light (08:00–20:00) and 12 h dark cycle was applied. Mice were fed 
ad libitum with standard mouse chow and drank tap water. Mice were 
randomly and equally divided into eight groups, with each group 
receiving intraperitoneal injections (ip) of their respective substances at 
24-hour intervals for a total of three injections. The administered doses 
were as follows: Control group: 0.9 % NaCl; NGF group: 10 µg/kg NGF 
(Mouse NGF, Catalogue No: 120a.a, MedChem Express); p38MAPKi 
group: 20 mg/kg p38 MAPK inhibitor (SB203580, Catalogue No: 
A10824, AdooQ Bioscience); NGF+p38MAPKi group: 10 µg/kg NGF and 
20 mg/kg SB203580; Cu group: 20 mg/kg CuSO4 (Catalogue No: 
7758–99–8, Merck); Cu+NGF group: 20 mg/kg CuSO4 and 10 µg/kg 
NGF; Cu+p38MAPKi group: 20 mg/kg CuSO4 and 20 mg/kg SB203580; 
Cu+NGF+p38MAPKi group: 20 mg/kg CuSO4, 10 µg/kg NGF, and 
20 mg/kg SB203580.

2.2. Histopathology

Liver tissue samples from each animal were routinely fixed in %10 
formaldehyde, embedded in paraffin, cut at 4.5 µm, stained with he
matoxylin and eosin (HE), and observed under light microscope for 
histopathological changes. The histopathological score of each case was 
determined according to the zonal location of the lesions (degeneration 
and necrosis) and the number of Kupffer cells. The histopathological 
score criteria were degeneration; 0: none, 1: only in zone 3, 2: in the 2nd 
and 3rd zones, 3: in the 1st, 2nd and 3rd zones; necrosis 0: none, 1: only 
in zone 3, 2: in the 2nd and 3rd zones, 3: in the 1st, 2nd and 3rd zones; 
using Qupath (version, v0.4.3) digital pathology image analysis soft
ware, 5 different photographs taken at 200X magnification from each 

section were obtained according to the average number of Kupffer cells, 
0: ≤ 30, 1: 31–40, 2: 41–50; 3: ≥ 51.

2.3. Immunohistochemistry (IHC)

Liver tissue sections cut from the paraffin blocks were stained by 
avidin-biotin-peroxidase method for iNOS (1/500, PA5–16855 
İnvitrogen), Nitrotyrosine (1/500, Ab5411 Millipore), IL-1 (1/300, Bs- 
6319R Bioss), IL-6 (1/300, Bs-4539R Bioss), TNF-α (1/100, BT- 
AP15035 BT LAP), Caspase 3 (1/200, ab13847 Abcam) and Caspase 8 
(1/200, ab4052 Abcam). For each antibody used in the study, a negative 
control was performed by applying PBS instead of the primary antibody. 
Immunoreactivity in the tissue samples was visualized by the help of 
diaminobenzidine/H2O2 treatment. The tissue samples were observed 
under a light microscope and representative photographs obtained by 
the help of digital camera integrated into the light microscope. Fiji 
(version 2.12.0) digital pathology image analysis software was used for 
image analysis. The ratio of immune positive areas to other areas in each 
photograph was calculated as a percentage. For each case and each 
antibody, 5 different images taken at 200X magnification were used and 
the average of the obtained percentages was accepted as the score for 
that subject and antibody.

2.4. Biochemical analyses

2.4.1. Blood serum
At the end of the study, blood samples were collected from the 

sacrificed mice and then centrifuged at 3000 rpm for 15 min to obtain 
serum. AST, ALT and GGT enzyme levels, which are markers of liver 
damage, were measured in serum samples using an autoanalyzer (Ran
dox imola, Antrim). Data were presented as U/L.

2.4.2. Liver tissues
MDA levels in liver homogenates were detected according to the 

method of Mihara and Uchiyama and the results were presented as 
nanomoles of MDA per gram of wet tissue (nmol/gwt) [15].

GSH levels were measured using the method described by Ellman 
[16]. Reduced GSH were reacted with 5,5-dithiobis-2-nitrobenzoic acid 
and detected spectrophotometrically at 410 nm. The results were pre
sented as nmol/gwt.

Liver tissue TAC (Catalogue No: MS22128A) and TOC (Catalogue No: 
MK221460) analyses were performed according to the instructions 
provided by Rel Assay Diagnostic company.

2.5. mRNA expression by qRT-PCR

RNA extraction from liver samples was done following the in
structions of the RNA isolation kit (SanPrep Column MicroRNA Mini- 
Prep Kit, Catalogue No: SK8811, BIO BASIC). cDNA synthesis kit 
(OneScript Plus cDNA Synthesis Kit, Catalogue No: G236, abm) was used 
to synthesize cDNA in accordance with instructions provided by the 
manufacturer. cDNA sequences of p38 MAPK were taken from NCBI and, 
β-Actin was used as the reference gene. Sentebiolab (Ankara, Türkiye, 
Table 1) was entrusted to design and synthesize the primers. By using 
the SYBR® Green Master kit (BlasTag 2X qRT-PCR MasterMix, Catalog 
No: G891, abm), qRT-PCR was conducted by adopting a Rotor-Gene Q 
5PLEXHRM real-time thermal cycler following standard protocols. The 

Table 1 
Primer sequences of genes selected for analysis by qRT-PCR.

Target gene Primer Sequence (5’-3’) Tm(◦C)

β-Actin-F 5’-CTGGCTCCTAGCACCATGA− 3’ 60.21
β-Actin-R 5’-TAGAGCCACCAATCCACACA− 3’ 55.68
p38 MAPK-F 5’-CCGGATCCTGGAAGATGTCGCAGGAGAG− 3’ 65.78
p38 MAPK-R 5’-CCGGATCCCCAGGTGCTCAGGACACCAT− 3’ 67.24
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cycling protocol was as follow; initial denaturation at 95◦C for 3 min, 
followed by 50 cycles of denaturation at 95◦C for 15 sec, annealing at 
60◦C for 1 min, and extension at 60◦C for 1 min. Each sample was run in 
triplicate. The qRT-PCR results were analyzed using the 2− ΔΔCT method 
[17].

2.6. Statistical analysis

The data obtained from histopathological, biochemical and molec
ular methods were statistically analyzed using GraphPad Prism 9.0 
(Graphpad Software, La Jolla, California). All data belonging to the 
parameters investigated in the study showed normal distribution. 
Therefore, the data were analyzed by one-way ANOVA test and post-hoc 
Tukey HSD analysis was performed to determine the differences be
tween the groups. The results were expressed as mean and standard 
error (X ± SE) and P < 0.05 was considered statistically significant.

3. Result

3.1. Histopathology

In histopathological examination, no pathological changes were 
observed in liver tissues of Control, NGF, p38MAPKi and 
NGF+p38MAPKi groups. In Cu, Cu+NGF, Cu+p38MAPKi, and 
Cu+NGF+p38MAPKi groups, degenerative changes ranging from 
hydropic degeneration to vacuolar degeneration and focal necrosis were 
detected in hepatocytes. Degenerated cells were generally larger and 
pale as compared to the healthy hepatocytes, and some had vacuoles of 
varying sizes in their cytoplasm. In addition to degeneration, necrosis of 
some hepatocytes was observed in these groups. Degeneration and ne
crosis were more prominent especially in hepatocytes in the cen
trilobular region, and these lesions extended to hepatocytes in the portal 
area in cases with severe damage (Table 2 and Fig. 1). The scores and 
statistical evaluation of histopathological findings according to the 
groups are shown in Fig. 2.

3.2. Immunohistochemistry (IHC)

Expression levels of NGF, iNOS, nitrotyrosine, Caspase 8, Caspase 3, 
IL-1, IL-6 and TNF-α in mouse liver tissues, immunohistochemical scores 
and statistical evaluation are shown in Fig. 2.

In Control, NGF, p38MAPKi and NGF+p38MAPKi groups, positive 
immunoreactivity of NGF was seen intracytoplasmic in a small number 
of hepatocytes (1–4 cells randomly distributed in each lobule). In Cu, 
Cu+NGF, Cu+p38MAPKi and Cu+NGF+p38MAPKi groups, NGF 
immunoreactivity was observed in hepatocytes with varying strong 
immunoreactivity from the central vein periphery to the portal area 
(Fig. 3).

iNOS immunoreactivity was observed in the cytoplasm of hepato
cytes in the Control, NGF, p38MAPKi and NGF+p38MAPKi groups in a 
small number of hepatocytes around the central vein and randomly 
distributed in the lobule. In Cu and Cu+NGF+p38MAPKi groups, strong 
iNOS immunoreactivity was detected intracytoplasmic in hepatocytes 
between the central vein and portal area. In Cu+NGF and Cu+p38
MAPKi groups, iNOS immunoreactivity was observed intracytoplasmic 
in hepatocytes ranging from the central vein to the portal area (Fig. 4).

Nitrotyrosine immunoreactivity was observed intracytoplasmic in a 
small number of hepatocytes in Control, NGF, p38MAPKi and 
NGF+p38MAPKi groups. In Cu and Cu+NGF+p38MAPKi groups, strong 
immunoreactivity was observed in hepatocytes between the central vein 
and portal area. Nitrotyrosine immunoreactivity was strong immuno
reactivity around the central vein in Cu+NGF and Cu+p38MAPKi 
groups compared to the other Cu-treated groups (Fig. 5).

Caspase 8 immunoreactivity was seen intracytoplasmic in single 
hepatocytes randomly distributed in the lobule in Control, NGF, 
p38MAPKi and NGF+p38MAPKi groups. In Cu, Cu+p38MAPKi and Ta

bl
e 

2 
St

at
is

tic
al

 a
ve

ra
ge

s 
of

 h
is

to
pa

th
ol

og
ic

al
 a

nd
 im

m
un

oh
is

to
ch

em
ic

al
 s

co
ri

ng
 o

f l
iv

er
 ti

ss
ue

s 
fin

di
ng

s 
by

 g
ro

up
s.

G
ro

up
H

is
to

pa
th

ol
og

y 
(X

 ±
SE

)
N

G
F 

(X
 ±

SE
)

iN
O

S 
(X

 ±
SE

)
N

it
ro

ty
ro

si
ne

 (X
 ±

SE
)

Ca
sp

as
e 

8 
(X

 ±
SE

)
Ca

sp
as

e 
3 

(X
 ±

SE
)

IL
-1

 (
X 
±

SE
)

IL
-6

 (
X 
±

SE
)

TN
F-

α 
(X

 ±
SE

)

Co
nt

ro
l

0.
38

±
0.

18
3a

3.
97

 ±
0.

17
a

6.
02

 ±
0.

55
a

4.
06

 ±
0.

27
a

4.
88

 ±
0.

32
a

4.
18

 ±
0.

45
a

7.
07

 ±
0.

51
a

4.
03

 ±
0.

40
a

3.
63

 ±
0.

20
a

N
G

F
0.

63
 ±

0.
26

3a
4.

64
 ±

0.
36

a
7.

32
 ±

0.
36

a
4.

71
 ±

0.
40

a
4.

41
 ±

0.
51

a
3.

85
 ±

0.
29

a
13

.6
6 
±

1.
50

a
4.

44
 ±

0.
48

a
3.

70
 ±

0.
23

a

p3
8M

A
PK

i
0.

75
 ±

0.
25

0a
4.

39
 ±

0.
41

a
7.

36
 ±

0.
36

a
5.

81
 ±

0.
77

a
5.

50
 ±

0.
48

a
4.

61
 ±

0.
36

a
14

.2
4 
±

1.
48

a
4.

55
 ±

0.
23

a
3.

64
 ±

0.
17

a

N
G

F+
p3

8M
A

PK
i

0.
50

 ±
0.

18
9a

5.
21

 ±
0.

53
a

7.
60

 ±
0.

50
a

6.
09

 ±
0.

44
a

5.
26

 ±
0.

46
a

5.
83

 ±
0.

73
a

15
.0

0 
±

1.
62

a
6.

38
 ±

0.
41

a
4.

01
 ±

0.
53

a

Cu
6.

38
 ±

0.
26

3b
38

.0
4 
±

1.
78

b
42

.4
4 
±

2.
01

b
34

.8
0 
±

2.
07

b
23

.6
6 
±

1.
62

b
20

.6
6 
±

1.
13

b
53

.8
1 
±

3.
75

b
45

.4
1 
±

1.
57

b
66

.0
3 
±

2.
08

b

Cu
+

N
G

F
4.

13
 ±

0.
22

7c
20

.4
1 
±

1.
81

c
18

.0
9 
±

1.
98

c
15

.7
1 
±

0.
77

c
13

.6
9 
±

1.
13

c
12

.6
0 
±

0.
75

c
31

.0
1 
±

1.
91

c
16

.0
2 
±

0.
95

c
56

.7
7 
±

1.
75

c

Cu
+

p3
8M

A
PK

i
5.

25
 ±

0.
25

0d
29

.2
8 
±

1.
70

d
28

.8
0 
±

2.
17

d
23

.8
9 
±

1.
79

d
22

.0
3 
±

1.
18

b
18

.1
7 
±

1.
20

b
39

.1
6 
±

1.
62

c
30

.9
2 
±

2.
49

d
56

.6
9 
±

2.
06

c

Cu
+

N
G

F+
p3

8M
A

PK
i

5.
38

 ±
0.

18
3d

36
.2

0 
±

1.
79

b
35

.8
7 
±

1.
50

e
44

.2
3 
±

2.
33

e
26

.3
6 
±

1.
55

b
22

.1
6 
±

1.
67

b
49

.5
2 
±

1.
78

b
38

.2
6 
±

2.
87

e
67

.9
0 
±

3.
58

b

Th
e 

da
ta

 re
pr

es
en

t t
he

 h
is

to
pa

th
ol

og
y 

sc
or

e 
an

d 
pe

rc
en

ta
ge

 o
f i

m
m

un
or

ea
ct

iv
e 

ar
ea

 a
nd

 a
re

 p
re

se
nt

ed
 a

s m
ea

n 
±

st
an

da
rd

 e
rr

or
 (X

 ±
SE

). 
Co

m
pa

ri
so

ns
 w

er
e 

m
ad

e 
us

in
g 

on
e-

w
ay

 A
N

O
VA

 fo
llo

w
ed

 b
y 

po
st

-h
oc

 T
uk

ey
 H

SD
 

te
st

. D
iff

er
en

t s
up

er
sc

ri
pt

s 
w

ith
in

 th
e 

sa
m

e 
co

lu
m

n 
in

di
ca

te
 a

 s
ta

tis
tic

al
ly

 s
ig

ni
fic

an
t d

iff
er

en
ce

 b
et

w
ee

n 
gr

ou
ps

 (P
 <

0.
05

).

M. Usta et al.                                                                                                                                                                                                                                    Journal of Trace Elements in Medicine and Biology 90 (2025) 127694 

3 



Cu+NGF+p38MAPKi groups, Caspase 8 immunoreactivity was detected 
in hepatocytes located from the central vein to the portal area. In 
Cu+NGF group, immunoreactivity limited to hepatocytes around the 
central vein was observed (Fig. 6).

In Control, NGF, p38MAPKi and NGF+p38MAPKi groups, Caspase 3 
immunoreactivity was observed intracytoplasmic in few hepatocytes 
within the lobule. In Cu, Cu+p38MAPKi and Cu+NGF+p38MAPKi 
groups, Caspase 3 immunoreactivity was especially strong in hepato
cytes around the central vein and randomly distributed weak immuno
reactivity was detected in hepatocytes in other areas of the lobule. In 
Cu+NGF group, Caspase 3 immunoreactivity was observed only in he
patocytes around the central vein (Fig. 7).

In the control group, IL-1 immunoreactivity was observed only in 
hepatocytes around the central vein with weak immunoreactivity. In 
NGF, p38MAPKi and NGF+p38MAPKi groups, IL-1 immunoreactivity 
was found to be moderate in hepatocytes around the central vein and 
decreased gradually towards the portal area. In Cu, Cu+p38MAPKi and 
Cu+NGF+p38MAPKi groups, IL-1 immunoreactivity was observed 
intracytoplasmic in all hepatocytes with decreasing strongly especially 
from the central vein to the portal area. In Cu+NGF group, IL-1 immu
noreactivity was observed only in hepatocytes around the central vein 
with moderate, while the strongly of the reaction decreased towards the 
portal area (Fig. 8).

IL-6 immunoreactivity was present in the cytoplasm of a small 
number of hepatocytes randomly distributed in the lobule in Control, 
NGF, p38MAPKi and NGF+p38MAPKi groups. In Cu, Cu+p38MAPKi 
and Cu+NGF+p38MAPKi groups, strong IL-6 immunoreactivity was 
detected strongly immunoreactivity in hepatocytes around the central 
vein. In Cu+NGF group, IL-6 immunoreactivity was observed in hepa
tocytes around the central vein (Fig. 9).

In control, NGF, p38MAPKi and NGF+p38MAPKi groups, mild and 
intracytoplasmic TNF-α immunoreactivity was observed in hepatocytes 
around the central vein. In Cu, Cu+NGF, Cu+p38MAPKi and 
Cu+NGF+p38MAPKi groups, TNF-α immunoreactivity was detected 
strong immunoreactivity in hepatocytes around the central vein. No 
TNF-α immunoreactivity was observed in hepatocytes close to the portal 
area in these groups (Fig. 10).

3.3. Changes in the p38 MAPK expressions level

p38 MAPK expression levels in liver tissues are shown in Table 3 and 
Fig. 11. p38 MAPK expression was significantly (P < 0.05) higher in the 
Cu group than that of in the Control group. No significant difference was 
detected between the Control and p38MAPKi groups (P > 0.05). 
Compared to these two groups, p38 MAPK expressions in NGF and 

NGF+p38MAPKi groups were significantly (P < 0.05) higher. It was 
observed that p38 MAPK expression increased in Cu+p38MAPKi group 
compared to the control group, but it was not significantly different from 
that of the Cu group (P > 0.05). Similarly, the difference in p38 MAPK 
expression between Cu+NGF+p38MAPKi and Cu+NGF groups was not 
significant (P > 0.05).

3.4. Biochemical analysis

The results of all biochemical analyses are shown in Fig. 11. Serum 
ALT level was significantly increased (P < 0.05) in the Cu group 
compared to the other groups. The level in Cu+NGF group was signifi
cantly decreased (P < 0.05) compared to Cu+p38MAPKi and 
Cu+NGF+p38MAPKi groups. In Control, NGF, p38MAPKi, 
NGF+p38MAPKi groups, serum ALT levels were similar to each other 
(P > 0.05). There was no difference between Cu+p38MAPKi and 
Cu+NGF+p38MAPKi groups (P > 0.05). Serum AST level was signifi
cantly increased (P < 0.05) in the Cu and Cu+NGF+p38MAPKi groups 
compared to the other groups. A significant decrease (P < 0.05) in 
serum AST level was detected in the Cu+NGF group compared to the Cu 
group but still were significantly higher than that of the Control group 
(P < 0.05). No significant change was observed in serum GGT level 
among the groups in this study (P > 0.05). A significant increase in liver 
MDA level was seen in Cu group compared to the other groups 
(P < 0.05). The differences in liver MDA levels between Control, NGF, 
p38MAPKi, NGF+p38MAPKi, Cu+ NGF, Cu+p38MAPKi groups were 
not significant (P > 0.05). Liver GSH activity was detected to decrease 
significantly in Cu, Cu+p38MAPKi and Cu+NGF+p38MAPKi groups 
compared to Control, NGF, p38MAPKi, NGF+p38MAPKi and Cu+NGF 
groups (P < 0.05). Liver TOC level significantly increased in the Cu 
group as compared to the other groups (P < 0.05). The liver TOC levels 
did not differ significantly among the groups (P < 0.05). Liver TAC ac
tivity was noted to decrease significantly in Cu, Cu+p38MAPKi and 
Cu+NGF+p38MAPKi groups compared to Control, NGF, p38MAPKi, 
NGF+p38MAPKi and Cu+NGF groups (P < 0.05).

4. Discussion

Cu is a fundamental micronutrient and a vital catalytic cofactor in 
numerous biological processes, including mitochondrial respiration, 
antioxidant defense, and protein synthesis [5,18]. In mammals, dietary 
Cu is absorbed through intestinal epithelial cells and transported to the 
liver via the portal circulation. The liver acts as the main Cu reservoir in 
the body, regulating its distribution to peripheral organs via the 
bloodstream or its excretion through the bile [5,19]. These mechanisms 

Fig. 1. Histopathological view of liver tissue: a. Control group, b. NGF group, c. p38MAPKi group, d. NGF+p38MAPKi group, e. Cu group, f. Cu+NGF group, g. 
Cu+p38MAPKi group, h. Cu+NGF+p38MAPKi group. While the liver tissue of non-Cu-treated groups appears histomorphologically normal, hydropic degeneration 
(arrow) and hepatocellular necrosis (arrow head) are evident in Cu-treated groups. HE.
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help maintain Cu homeostasis at both systemic and cellular levels. An 
increase in free Cu levels within cells leads to cytotoxicity associated 
with oxidative stress [18]. In the current investigation, significant in
creases were observed in the levels of ROS and RNS biomarkers, such as 
TOC, iNOS, nitrotyrosine, and MDA, while significant TAC and GSH 
levels decreased significantly in the group given only Cu. Additionally, 
consistent with the oxidative and nitrosative stress markers, the severity 
of histopathological findings and the levels of liver damage biomarkers, 
ALT and AST, were significantly increased in the Cu group. When these 
findings are evaluated together, it was determined that ip 

administration of 20 mg/kg CuSO4 for 3 days in mice induces hepato
cyte damage associated with oxidative stress.

NGF expression may increase in hepatocytes due to oxidative stress 
in humans [20], rats [21], and mice [22]. While NGF is widely recog
nized as a key growth factor in neuronal development and survival, 
studies also report elevated hepatic expression in response to diverse 
forms of liver injury [23,24]. However, the specific roles of NGF in he
patocytes are not yet fully understood, and its expression appears to vary 
depending on the experimental model and conditions. It has been shown 
that NGF protects mice liver against oxidative stress and xenobiotic 

Fig. 2. Histopathological scoring of liver findings and expression levels of NGF, iNOS, nitrotyrosine, Caspase 8, Caspase 3, IL-1, IL-6, and TNF-α in mouse liver 
tissues, assessed through immunohistochemical analysis and statistical evaluation. Data are presented as mean ± standard deviation and analyzed using one-way 
ANOVA followed by Tukey’s HSD post-hoc test. Columns with different superscripts indicate statistically significant differences among groups (P < 0.05).

M. Usta et al.                                                                                                                                                                                                                                    Journal of Trace Elements in Medicine and Biology 90 (2025) 127694 

5 



Fig. 3. NGF immunoreactivity in liver tissue: a. Control group, b. NGF group, c. p38MAPKi group, d. NGF+p38MAPKi group, e. Cu group, f. Cu+NGF group, g. 
Cu+p38MAPKi group, h. Cu+NGF+p38MAPKi group. Increased NGF immunoreactivity was generally observed in groups given to Cu compared to ungiven groups, 
with strong immunoreactivity in hepatocytes in close proximately around the central vein. Notably, NGF immunoreactivity in the Cu+NGF group was lower 
compared to the other Cu given groups. IHC.

Fig. 4. iNOS immunoreactivity in liver tissue: a. Control group, b. NGF group, c. p38MAPKi group, d. NGF+p38MAPKi group, e. Cu group, f. Cu+NGF group, g. 
Cu+p38MAPKi group, h. Cu+NGF+p38MAPKi group. iNOS immunoreactivity was generally observed to be stronger in groups given to Cu compared to ungiven 
groups, with strong immunoreactivity hepatocytes in close proximately around the central vein. Notably, iNOS immunoreactivity in the Cu+NGF group appeared 
lower compared to other Cu given groups. IHC.

Fig. 5. Nitrotyrosine immunoreactivity in liver tissue: a. Control group, b. NGF group, c. p38MAPKi group, d. NGF+p38MAPKi group, e. Cu group, f. Cu+NGF 
group, g. Cu+p38MAPKi group, h. Cu+NGF+p38MAPKi group. Nitrotyrosine immunoreactivity was generally higher in groups given to Cu compared to ungiven 
groups, with strong immunoreactivity observed around hepatocytes in close proximately around the central vein. Notably, nitrotyrosine immunoreactivity in the 
Cu+NGF group appeared lower compared to other Cu given groups. IHC.
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Fig. 6. Caspase 8 immunoreactivity in liver tissue: a. Control group, b. NGF group, c. p38MAPKi group, d. NGF+p38MAPKi group, e. Cu group, f. Cu+NGF group, g. 
Cu+p38MAPKi group, h. Cu+NGF+p38MAPKi group. Caspase 8 immunoreactivity was generally higher in groups given to Cu compared to ungiven groups, with 
strong immunoreactivity observed in close proximately around the central vein. Notably, Caspase 8 immunoreactivity in the Cu+NGF group appeared lower 
compared to other Cu given groups. IHC.

Fig. 7. Caspase 3 immunoreactivity in liver tissue: a. Control group, b. NGF group, c. p38MAPKi group, d. NGF+p38MAPKi group, e. Cu group, f. Cu+NGF group, g. 
Cu+p38MAPKi group, h. Cu+NGF+p38MAPKi group. Caspase 3 immunoreactivity was generally higher in groups given to Cu compared to ungiven groups, with 
strong immunoreactivity observed in close proximately around the central vein. Notably, Caspase 3 immunoreactivity in the Cu+NGF group appeared lower 
compared to other Cu given groups. IHC.

Fig. 8. IL-1 immunoreactivity in liver tissue: a. Control group, b. NGF group, c. p38MAPKi group, d. NGF+p38MAPKi group, e. Cu group, f. Cu+NGF group, g. 
Cu+p38MAPKi group, h. Cu+NGF+p38MAPKi group. IL-1 immunoreactivity was generally higher in groups given to Cu compared to ungiven groups, with strong 
immunoreactivity observed hepatocytes in close proximately around central vein. Notably, IL-1 immunoreactivity in the Cu+NGF group appeared lower compared to 
other Cu given groups. IHC.
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Fig. 9. IL-6 immunoreactivity in liver tissue: a. Control group, b. NGF group, c. p38MAPKi group, d. NGF+p38MAPKi group, e. Cu group, f. Cu+NGF group, g. 
Cu+p38MAPKi group, h. Cu+NGF+p38MAPKi group. IL-6 immunoreactivity was generally higher in groups given to Cu compared to ungiven groups, with strong 
immunoreactivity observed hepatocytes in close proximately around the central vein. Notably, IL-6 immunoreactivity in the Cu+NGF group appeared lower 
compared to other Cu given groups. IHC.

Fig. 10. TNF-α immunoreactivity in liver tissue: a. Control group, b. NGF group, c. p38MAPKi group, d. NGF+p38MAPKi group, e. Cu group, f. Cu+NGF group, g. 
Cu+p38MAPKi group, h. Cu+NGF+p38MAPKi group. TNF-α immunoreactivity was generally higher in groups given to Cu compared to ungiven groups, with strong 
immunoreactivity observed hepatocytes in close proximately around the central vein. IHC.

Table 3 
Statistical data of hepatic p38 MAPK mRNA expression levels and biochemical analysis results by groups.

Group p38 MAPK mRNA 
X ± SE

ALT (U/L) X 
± SE

AST (U/L) X 
± SE

GGT (U/L) X 
± SE

TOC µmol/L X 
± SE

TAC µmol/L X 
± SE

GSH nmol/gr X 
± SE

MDA nmol/gr X 
± SE

Control 0.47 ± 0.08a 23.00 ± 1.33a 105.13 
± 3.96a

1.57 ± 0.21 37.79 ± 0.81a 10.97 ± 0.24a 2774.04 
± 257.42a

80.09 ± 3.77a

NGF 1.31 ± 0.09b 25.13 ± 1.31a 91.62 ± 4.29a 3.30 ± 0.71 36.90 ± 0.14a 10.20 ± 0.50a 2823.94 
± 267.04a

80.04 ± 5.70a

p38MAPKi 0.41 ± 0.06a 23.13 ± 0.81a 95.00 ± 6.69a 2.93 ± 0.74 37.31 ± 1.76a 11.41 ± 0.37a 3130.71 
± 138.09a

83.81 ± 3.3a

NGF+p38MAPKi 1.09 ± 0.08b 26.38 ± 1.19a 86.88 ± 6.54a 2.70 ± 0.65 36.24 ± 0.78a 9.48 ± 0.52a 2978.40 
± 55.05a

85.33 ± 3.44a

Cu 1.45 ± 0.15bc 147.87 
± 12.44b

574.63 
± 37.67b

4.15 ± 0.95 51.10 ± 0.64b 6.30 ± 0.30b 1324.17 
± 87.24b

158.87 ± 11.94b

Cu+NGF 1.83 ± 0.14c 32.75 ± 2.25a 311.50 
± 40.19c

3.18 ± 0.80 36.55 ± 0.92a 10.72 ± 0.45a 2197.32 
± 218.84a

106.06 ± 3.46ac

Cu+p38MAPKi 1.39 ± 0.07bc 97.88 ± 8.87c 434.00 
± 46.34d

4.47 ± 0.92 39.84 ± 0.55a 4.40 ± 0.62b 1147.54 
± 46.85b

103.92 ± 7.62ac

Cu+NGF+p38MAPKi 1.48 ± 0.11bc 117.87 
± 6.58c

466.13 
± 27.75b

4.75 ± 1.10 43.43 ± 0.62a 8.01 ± 0.37b 1646.63 
± 120.22b

126.26 ± 10.62c

The data are presented as mean ± standard error (X ± SE) and were analyzed using one-way ANOVA followed by post-hoc Tukey HSD test. Different superscripts 
within the same column indicate statistically significant differences between groups (P < 0.05).
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damage caused by buthionine sulfoximine, arsenic, and acetaminophen 
[24]. It has also been detected that NGF is expressed by hepatocytes in 
response to oxidative stress caused by gallstones in humans and that 
NGF protects hepatocytes through the sirtuin 1 signaling pathway [20]. 
In CCl4-induced liver injury, NGF has been reported to be expressed by 
hepatocytes, and this induces apoptosis in hepatic stellate cells via 
Caspase 3 activation [23]. In the present study, Cu-induced liver injury 
significantly increased NGF expression in hepatocytes. Interestingly, this 
was reflected by a significantly lower NGF immunoreactivity score in the 
Cu+NGF group compared to the Cu group (P < 0.05), suggesting a 
feedback suppression due to exogenous NGF supplementation. NGF 
exerts protective and regenerative effects in the liver by reducing 
oxidative stress, suppressing inflammation and improving liver function. 
These effects are mediated by regulating antioxidant metabolism, 
modulating stress response proteins and reducing ROS [25,26]. In the 
Cu+NGF group, MDA, TOC, iNOS, and nitrotyrosine levels were 

significantly lower, while GSH and TAC levels were significantly higher 
compared to the Cu group. Additionally, histopathological damage, as 
well as ALT and AST levels, were significantly lower in the Cu+NGF 
group compared to the Cu group. The increase in NGF expression in the 
Cu group is considered a cellular response to prevent oxidative damage, 
and the exogenously administered NGF is suggested to reduce oxidative 
stress, thereby leading to a lower amount of NGF expression from 
hepatocytes.

p38 MAPK, a member of the mitogen-activated protein kinase fam
ily, becomes activated in response to oxidative stress, growth factors, 
cytokines, and various other stimuli. There are hundreds of substrates 
within the cell to which active p38 MAPK can bind [12]. These sub
strates are involved in fundamental cellular processes such as cell pro
liferation, differentiation, survival, apoptosis, inflammation, and tissue 
homeostasis [12,27]. It has been reported that p38 MAPK expression 
increases in liver damage induced by Cu in mice [28]. Furthermore, 

Fig. 11. mRNA expression levels of p38 MAPK and biochemical parameters (ALT, AST, TOC, TAC, GSH, and MDA) across groups, with significant differences 
observed (P < 0.05), except for GGT (P > 0.05). Data are expressed as mean ± standard deviation and analyzed using one-way ANOVA followed by Tukey’s HSD 
post-hoc test. Columns with different superscripts indicate statistically significant differences among groups (P < 0.05).
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numerous studies have shown that stimulation of different cells with 
NGF leads to increased p38 MAPK expression [11,14,29,30]. In this 
study, p38 MAPK expression levels in the Cu and NGF groups were also 
significantly higher compared to the Control group. Most of the 
knowledge about p38 MAPK substrates comes from studies using 
chemical inhibitors like SB203580 [31–33]. SB203580, an imidazole 
group derivative, was initially known as a molecule suppressing cyto
kine production but was later identified as an inhibitor of p38 MAPK 
[13,34]. In this study, it was observed that the application of SB203580 
as a p38 MAPK inhibitor did not have a detectable effect on p38 MAPK 
expression. It is stated that the inhibition of p38 MAPK by SB203580 is 
not due to its effect on the expression of this molecule but rather through 
its binding to p38 MAPK and blocking the functions of its substrates [11, 
35]. It was observed that GSH and TAC levels in the Cu+NGF+p38
MAPKi group were significantly lower, while iNOS and nitrotyrosine 
levels were significantly higher compared to the Cu+NGF group. 
Additionally, ALT and AST levels, as well as the severity of histopath
ological lesions in the Cu+NGF+p38MAPKi group, were significantly 
higher than those in the Cu+NGF group. Activation of p38 MAPK within 
the cell enhances the expression of transcription factors and antioxidant 
enzymes, leading to a reduction in ROS and RNS levels and the activa
tion of cellular repair mechanisms [36–38]. When these findings are 
evaluated together, we determined that NGF protects hepatocytes from 
oxidative stress through the p38 MAPK signaling pathway.

Oxidative stress resulting from Cu toxicity has been shown to elevate 
p38 MAPK expression in cells [39]. Activated by oxidative stress, p38 
MAPK regulates cytokine expression downstream via Nuclear Factor 
kappa B (NF-κB) [40–42]. In liver damage induced by Cu in mice, NF-κB 
has been reported to induce the expression of IL-1, IL-6, and TNF-α [43]. 
In the present study, the expressions of IL-1, IL-6, and TNF-α in the 
Cu+NGF group were also observed to be significantly lower (P < 0.05) 
compared to the Cu group. NGF is known to regulate the expression of 
both anti-inflammatory and pro-inflammatory cytokines [44]. The 
lower levels of IL-1, IL-6, and TNF-α expressions in subjects treated with 
Cu and NGF compared to those treated with Cu alone were interpreted 
as demonstrating the anti-inflammatory effect of NGF. SB203580, a p38 
MAPK inhibitor, is also known to have an inhibitory effect on 
pro-inflammatory cytokines. It has been reported that the inhibition of 
p38 MAPK leads to reduced expressions of IL-1, IL-6, and TNF-α in 
various toxicity models [32,45]. The expressions of IL-1, IL-6, and TNF-α 
in the Cu+NGF group were significantly lower compared to the 
Cu+NGF+p38MAPKi group. This finding suggests that NGF exerts its 
anti-inflammatory effect via the p38 MAPK pathway.

Oxidative stress caused by Cu has been reported to induce apoptosis 
in cells [46]. Excess Cu may also increase the expressions of Caspase 8 
and Caspase 3 in tissues and cells other than the liver [47–49]. Increased 
levels of Caspase 8 and Caspase 3 expressions in the Cu-treated groups 
were detected compared to the groups without Cu treatment (P < 0.05). 
The expressions of Caspase 8 and Caspase 3 in the Cu+NGF group were 
significantly lower (P < 0.05) compared to the Cu group, which was 
thought to be due to the reduction of oxidative stress by NGF. Moreover, 
studies investigating its effects on tissues and cells other than the liver 
have reported that NGF increases the expression of anti-apoptotic mol
ecules in mesenchymal stem cells [50], cerebral neurons [51], and bone 
marrow stem cells [52], thereby making these cells more resistant to 
apoptosis. Therefore, it was hypothesized in the current study that NGF 
might have protected hepatocytes from apoptosis by increasing the 
expression of anti-apoptotic molecules. While the expressions of Caspase 
8 and Caspase 3 increased in subjects treated only with Cu, a significant 
decrease (P < 0.05) in the expressions of these molecules was observed 
when Cu was combined with NGF. Additionally, the expressions of 
Caspase 8 and Caspase 3 in the Cu+NGF group were significantly lower 
(P < 0.05) compared to the Cu+NGF+p38MAPKi group. These findings 
suggest that NGF exerts its anti-apoptotic effect on hepatocytes in Cu 
toxicity via the p38 MAPK signaling pathway.

5. Conclusion

The data of the current study indicated that 20 mg/kg ip CuSO₄ for 
three days caused prominent liver damage as shown by increases in the 
levels of ALT, AST, MDA, TOC, iNOS, and nitrotyrosine and decreases in 
GSH and TAC levels as well as histopathological changes. Simultaneous 
ip administration of 10 µg/kg NGF with Cu caused significant changes in 
these biomarkers, promoting cellular homeostasis. Additionally, exog
enous NGF administration significantly reduced the expression of pro- 
inflammatory cytokines (IL-1, IL-6, and TNF-α) and apoptosis (Caspase 
8 and Caspase 3) in hepatocytes. When the p38 MAPK inhibitor 
SB203580 was administered at a dose of 20 mg/kg along with Cu and 
NGF, the effects of NGF in cellular homeostasis and survival were 
diminished. All data indicates that p38 MAPK is a central modulator in 
cellular signaling and NGF plays an important role through this pathway 
in liver induced Cu damage.
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