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Abstract 

Background:  The widespread use of nano-copper as a feed additive in the absence of toxicological studies has 
potential risks to humans and animals. Toxicity studies on nano-copper in animals usually exposure from the respira-
tory tract, however, it is necessary to study the oral exposure toxicity of nano-copper to understand its risks as a feed 
additive.

Results:  Currently the hepatotoxicity and mechanism of nano-copper after sub-choronic oral exposure at equivalent 
doses of 50, 100, and 200 mg/kg/day were evaluated in rats; micro-copper and Cu ions were used as controls. Nano-
copper (200 mg/kg) increased serum alanine aminotransferase and aspartate aminotransferase significantly, further 
promoting hepatic oxidative stress, inflammation, and corresponding histopathological changes, and exhibited sig-
nificant dose-dependent changes. Nano-copper also decreased the level of nuclear receptors, resulting in significant 
reductions in mRNA, protein, and activity of hepatic CYP450 enzymes. The molecular mechanisms responsible for 
these toxic effects involved the signaling pathway of NF-κB, MAPK, and STAT5.

Conclusions:  Nano-copper caused strong hepatic toxicity by inducing oxidative stress and inflammation. The 
decreased drug metabolism enzymes lead to nano-copper–drug interaction that provoked the concerns on animal-
derived food safety.
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Introduction
With the increasing resistance of bacteria to antibiot-
ics, there have been increased concerns about the wide-
spread use of veterinary antimicrobials for antibacterial 
and growth promotion [1]. The growing demand for meat 
products is an important reason to promote the use of 
antibiotics in farms; however, a dilemma persists in the 
selection and use of antibiotics to deal with animal infec-
tion [2]. Large-scale investigations have found that many 
resistant plasmids can drift between different bacte-
ria, which increases the challenge of zoonosis for pub-
lic health [3]. Therefore, we are in urgent need of new 
antibacterial substances that can be used to treat animal 

diseases with lower risks to animals and humans. Cur-
rently, due to the antibacterial and growth promoting 
effects on animals, metal nano-preparation has become 
a good choice as a feed additive [4, 5]. People have been 
eager to use nano-copper as a feed additive [6, 7]. There-
fore, we think it is a suitable time to evaluate whether 
nano-copper is safe for animal with large-dose and long-
term oral exposure, and the further impacts on humans 
will be discussed.

Copper (Cu) is one of the essential nutrients to main-
tain normal physiological and biochemical functions in 
animals and humans [8]. Copper nanoparticles (nano-
copper) are used as antibacterial and antifouling agents in 
all kinds of industrial products [9]. The excessive applica-
tion of nano-copper increased exposure to humans, ani-
mals, and the environment. We need more toxicity data 
to ensure the safe use of nano-copper in future, especially 
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the application as the drug sources of antibacterial, anti-
tumor, and feed additive [10–12].

Since the efficacy and toxicity of nano-copper are 
directly related to their particle size, we have evaluated 
the LD50 values of Cu ions, 30  nm, 50  nm, 80  nm, and 
1 μm copper particles were 359.6, 1022, 1750, 2075, and 
> 5000 mg/kg, respectively [13]. Nanoparticles can break 
through a variety of biological barriers and widely dis-
seminate and accumulate in multiple organs, especially 
the liver and kidneys, when exposed to respiratory and 
oral routes [14, 15]. When nano-copper entered into the 
blood circulation system, it mediated oxidative responses 
and activated a series of pathological events such as 
genotoxicity, inflammation, fibrosis, and carcinogenesis 
[16]. The liver, kidney, and spleen are the main toxic tar-
get organs of nano-copper particles [17]. The increased 
oxidative stress will activate related regulation pathways 
resulting in increased expression of proinflammatory 
cytokines [18, 19]. Therefore, the toxic effects of nano-
copper on the liver may be more extensive than currently 
evaluated, and more toxicity studies need to be done to 
ensure their rational use.

The liver plays a crucial role in determining the toxicity 
of drugs due to its key role in the metabolism, transport, 
and clearance of foreign substances. Most of the xenobi-
otic substances metabolized in liver by cytochrome P450 
enzymes (CYP450), and three CYP families, CYP1A, 2A, 
and 3A, which account for 77% of the reported xenobi-
otic biotransformation [20]. However, the metabolism 
function of liver can be affected by many factors, and the 
inhibition and induction of drug-metabolizing enzymes 
are important causes of drug–drug interactions [21–23]. 
Inflammation and oxidative stress have been shown to be 
one of the potential factors for the inhibition of CYP450 
[24]. Therefore, it is important to study whether nano-
copper in feed causes liver damage in animals, especially 
the impacts on drug metabolism enzymes.

In this work, we discussed the hepatoxicity and mech-
anism of nano-copper in rats after sub-chronic oral 
exposure, especially on hepatic CYP450 enzymes. The 
information may help us to predict the risks of nano-cop-
per on human and animals when it’s used in medications 
or animal feed.

Materials and methods
Test materials and their characterization
The tested copper particles were compared with copper 
ions (CuCl2·2H2O), which were manufactured by Aladdin 
Industrial Corporation. The size of copper particles was 
characterized with a scanning electron microscope (Phe-
nom ProX, Nani Scientific Instruments LTD, Shanghai, 
China).

The nano- and micro-coppers were added to 1% HPMC 
to obtain a stock suspension of 10 g/L, which was shaken 
and sonicated in ice bath. The distribution of particle 
sizes in this suspension was characterized with dynamic 
light scattering performed with a Zeta sizer Nano ZS 
(Malvern Instruments, Malvern, UK) immediately after 
sonication.

Experiment design
The protocols for animal studies were reviewed and 
approved by the Animal Ethical Committee of Sichuan 
Agricultural University (#:20171120). 63 Specific patho-
gen-free (SPF) male Sprague–Dawley rats (aged 8 weeks; 
100–120 g) were bought from Chengdu Dossy Biological 
Technology Co., Ltd (Chengdu, China) and housed under 
SPF conditions. The room temperature was kept between 
20 and 24 °C, and humidity ranged from 40 to 70% with 
a 12 h light-12 h dark cycle, food and water were avail-
able ad  libitum. Rats were divided as one control group 
and 6 test groups (n = 9). In addition to the control group 
(1% hydroxypropyl methylcellulose solution, HPMC), 
the experimental groups were treated with 1 μm copper 
(200 mg/kg), CuCl2·2H2O (100 mg/kg), and nano-copper 
50  mg/kg, nano-copper 100  mg/kg, and nano-copper 
200 mg/kg. 80 nm copper was usually used as a feed addi-
tive and these dosages were based on the LD50 and the 
amount was added to the animal feed (50–500 mg/kg diet 
in China). Since CuCl2·2H2O was the main copper source 
used as custom feed additive, it was chosen as one of the 
controls. The micro-copper was another control for com-
paring the sizes–cytotoxicity relationship.

All copper particles were dispersed in a 1% HPMC 
solution before use. The rats were exposure to different 
coppers for 28 days by continuous gavage. All rats were 
anesthetized at the end of the treatment, and blood sam-
ples were collected by cardiac puncture. After collecting 
blood, rats were euthanized, and the liver tissues were 
quickly removed and divided into four portions as the 
different lobes. Left lateral hepatic lobes were used to iso-
late liver microsomes by differential centrifugation [25], 
the left middle lobes were fixed in paraformaldehyde for 
histopathological analysis, the middle lobes were used 
to detect inflammatory factors, oxidative stress, and the 
right lobes were used for gene and protein expression 
detection. All liver tissues were stored in liquid nitrogen 
until analysis.

Measurements of cytokines and oxidative stress
After liver tissues were fully homogenized, the levels of 
interleukin (IL)-1β, IL-2, IL-4, IL-6, tumor necrosis fac-
tor-alpha (TNF-α), cyclooxygenase-2 (COX-2), mono-
cyte chemotactic protein-1 (MCP-1), and macrophage 
inflammatory protein (MIP)-1α were determined by 
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MAGPIX (R&D Systems) in accordance with the manu-
facturer’s instructions.

The levels of total antioxidant capacity (T-AOC: 
2,2 ′-az ino-bis(3-ethylbenzthiazoline-6-sulfonic 
acid(ABTS) oxidation), catalase (CAT: ammonium 
molybdate colorimetry), superoxide dismutase [SOD: 
(2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazole monosodium salt (WST-
8) catalytic reaction], glutathione peroxidase (GSH-Px: 
hydroperoxide catalytic reduction reaction), nitric oxide 
synthase (iNOS: ELISA kit), and the contents of malon-
dialdehyde [MDA: thiobarbituric acid (TBA) color reac-
tion] and nitric oxide (NO: griess reagent detection) were 
evaluated in accordance with the manufacturer’s instruc-
tions for the appropriate kits (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China).

Gene expression analyze
RNA extractions and analysis of liver tissue gene expres-
sion were performed as described, with minor changes 
[26]. The quantity of extracted RNA was assessed with 
UV spectroscopy (NanoDrop 2000 UV–Vis Spectropho-
tometer, Thermo Scientific; Waltham, MA, USA). The 
following target genes were analyzed for their expres-
sion: constitutive androstane receptor (CAR​), pregnane 
X receptor (PXR), aryl hydrocarbon receptor (AHR), 
CYP450 1A2, 2C11, 2D6, 2E1, and 3A2. GAPDH was 
used as the housekeeping gene for data normalization 
(the PCR primers were shown in Table 1.).

Measurement of protein expression
The protein expression of CYP450 1A2, 2C11, 2D6, 2E1, 
3A2, CAR, PXR, and AhR in the liver microsomes of 
rats were estimated with Western immunoblot analyses 
[27, 28]. 30 µg of microsomal proteins were separated by 
SDS polyacrylamide gel electrophoresis (Bio-Rad Labo-
ratories, Inc.). After incubation with a primary and sec-
ondary antibody, the protein bands were visualized with 
enhanced chemiluminescence, and intensity of the bands 
was quantified with ImageJ software.

Measurements of CYP450 1A2, 2C11, 2D6, 2E1, and 3A2 
activity
The activities of CYP450 1A2, 2C11, 2D6, 2E1, and 3A2 
were assessed [29–31]. Five specific probe substrates 
were incubated with liver microsomes. The concentra-
tions of probe substrates were monitored by high perfor-
mance liquid chromatography (HPLC). The decreasing 
amount of specific probe drugs were used to show the 
activity of microsomal enzymes (Fig.  1). The regression 
equations and lower limit of quantitation concentrations 
for the analytes are shown in Table 2.

Luminex analyze for key signal pathway proteins
Liver tissue homogenate was prepared with lysate and a 
protease inhibitor mixed solution at the ratio of 1:4 and 
lysed on ice for 15 min then centrifuged at 16000g at 4 °C 
for 15 min. Concentrations of signal pathway proteins were 
measured with a multiplexed particle-based flow cytomet-
ric assay [32, 33]. Luminex technology was used accord-
ing to the manufacturer’s instructions to measure protein 
and phosphoproteins of CERB, NF-κB, P38, ERK1/2, Akt, 
p70s6k, STAT3, and STAT5 in rat livers (R&D Systems).

Statistical analysis
All statistical results are expressed as the mean ± stand-
ard deviation (n = 9), and all experimental groups were 
compared with the control group. Differences between 
mean values were analyzed with a one-way ANOVA, 
and values with superscripts are significantly different 
(p < 0.05 or 0.01) in the results.

Results
Physicochemical characterization of copper nanoparticles
The results of dynamic light scattering analysis (Fig.  2) 
showed that the spherical copper particles had mean 
sizes of 82.5 ± 33.4 nm (80 nm) and 987.4 ± 436.7 (1 μm). 
The polydispersity index (PDI) of nano- and micro- cop-
per were 0.14 and 0.20, respectively, according to the 
laser particle size analyzer test. The size and shape of the 
copper particles were consistent with the data provided 
by the manufacturer.

Table 1  PCR primers used for analysis of gene expression

Target Sequences of primers (5′ to 3′) Base number

CYP450 1A2 F GGT​GGA​ATC​GGT​GGC​TAA​T 19

CYP450 1A2 R AGT​CCT​TGC​TGC​TCT​TCA​CG 20

CYP450 2C11 F AAT​CCG​CAG​TCT​GAG​TTT​ACCC​ 22

CYP450 2C11 R GGT​TTC​TGC​CAA​TTA​CAC​GTTCT​ 23

CYP450 2D6 F AGC​TTC​AAC​ACC​GCT​ATG​GT 20

CYP450 2D6 R CAG​CAG​TGT​CCT​CTC​CAT​GA 20

CYP450 2E1 F CCT​TTC​CCT​CTT​CCC​ATC​C 19

CYP450 2E1 R AAC​CTC​CGC​ACA​TCC​TTC​C 19

CYP450 3A1 F TGC​CAT​CAC​GGA​CAC​AGA​ 18

CYP450 3A1 R ATC​TCT​TCC​ACT​CCT​CAT​CCT​TAG​ 24

PXR R TGA​TGA​CGC​CCT​TGA​ACA​TG 20

CAR F CCA​CGG​GCT​ATC​ATT​TCC​AT 20

CAR R CCC​AGC​AAA​CGG​ACA​GAT​G 19

AHR F TGG​ACA​AAC​TCT​CCG​TTC​TAAGG​ 23

AHR R GAT​TTT​AAT​GCA​ACA​TCA​AAG​AAG​CT 26

GAPDH F GAT​GGT​GAA​GGT​CGG​TGT​G 19

GAPDH R ATG​AAG​GGG​TCG​TTG​ATG​G 19
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Blood chemistry analyses
The serum biochemistry results of nano-copper, micro-
copper, and Cu ions-treated rats are presented in Table 3. 
In the 1  μm copper-treated rats, the serum concentra-
tions of aspartate aminotransferase (AST), alkaline phos-
phatase (ALP), albumin/globulin (A/G), and creatine 
kinase (CK) increased significantly, while globulin (GLB), 
total protein (TP), and creatinine (CREA) decreased sig-
nificantly. In the Cu ions-treated rats, the serum levels of 
ALP, A/G, and triglyceride (TG) increased significantly, 
while GLB and TP decreased significantly. In the 200 mg/
kg nano-copper-treated rats, the serum levels of AST 
increased significantly. The level of serum ALP increased 
significantly only in the 200  mg/kg group. In the nano-
copper-treated rats, the serum level of ALB, GLB, TP, 
UREA, and CREA decreased significantly, while the 
level of A/G increased significantly. The serum level of 
total cholesterol (TC) decreased significantly in 200 mg/

kg-treated rats, while the level of CK decreased in the 
100 mg/kg- and 200 mg/kg-treated rats. The serum level 
of TG increased significantly in the 100  mg/kg-treated 
rats. Nano-copper caused strong liver injury and dys-
function by increasing the release of transaminase and 
decreasing the protein synthesis.

Histopathology
Histopathological results are illustrated in Fig.  3. The 
obvious liver sinus congestion can be found in Cu ions-
treated rats. In the micro- and nano-copper-treated rats, 
the main changes were small vacuoles in hepatocytes 
and some inflammation infiltration, meanwhile obvious 
liver structural disorder and hepatocyte swelling were 
found in 200 mg/kg nano-copper-treated rats. Liver cells 
vacuolar degeneration and the appearance of inflamma-
tory cells were the main pathological manifestations of 
liver damage caused by nano-copper. The pathological 

Fig. 1  Chromatograms of five cocktail probe drugs and tinidazole (IS) in the incubation system. a IS in blank sample; b sample spiked with five 
cocktail probe drugs and IS

Table 2  Regression equation, linear range, and  lower limit of  quantitation concentrations (LLOQ) for  the  probe 
substrates used in incubations

Analytes Regression equation Correlation coefficient 
(R2)

Linear range (ng/mL) LLOQ (ng/mL)

Phenacetin y = 166.90x + 1.3728 0.9995 200–1400 50

Tolbutamide y = 176.97x + 0.6415 0.9996 200–1400 50

Dextromethorphan y = 128.91x + 1.3531 0.9999 200–1400 50

Chlorzoxazone y = 110.85x + 4.8935 0.9999 200–1400 50

Testosterone y = 212.16x + 49.721 0.9994 800–11,200 100
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Fig. 2  Characterization of the Cu particles by scanning electron microscopy (a, b), and nanoparticle sizes distributions (c, d)

Table 3  The results of blood biochemical indexes of rats treated with coppers

ALT alanine aminotransferase, AST aspartate aminotransferase, ALP alkaline phosphatase, A/G albumin/globulin, CK creatine kinase, GLB globulin, TP total protein, 
CREA creatinine, TG triglyceride, ALB albumin, TC cholesterol

*p < 0.05; **p < 0.01

ALT AST AST/ALT ALP ALB GLB A/G

Control 61.40 ± 8.0 166.57 ± 17.73 2.96 ± 0.51 204.39 ± 33.39 34.47 ± 2.26 30.77 ± 3.88 1.14 ± 0.17

Micro-copper 63.14 ± 4.14 221.41 ± 14.62** 3.63 ± 0.58 232.78 ± 47.38* 33.94 ± 1.14 25.25 ± 6.00** 1.40 ± 0.26**

CuCl2·2H2O 65.17 ± 6.64 174.03 ± 13.63 2.69 ± 0.29 251.79 ± 34.34* 34.61 ± 1.19 21.74 ± 3.41** 1.63 ± 0.26**

Nano-copper 50 mg/kg 55.18 ± 2.44 161.48 ± 22.80 3.09 ± 0.93 204.34 ± 9.04 32.96 ± 2.19* 23.31 ± 2.94** 1.43 ± 0.12**

Nano-copper 100 mg/kg 59.50 ± 4.90 173.76 ± 17.08 2.92 ± 0.42 209.12 ± 12.35 32.34 ± 2.08* 23.11 ± 3.21** 1.42 ± 0.15**

Nano-copper 200 mg/kg 61.11 ± 7.81 220.60 ± 23.29** 3.61 ± 0.37 237.06 ± 9.36* 31.48 ± 1.12** 23.11 ± 2.25** 1.38 ± 0.15**

TC CK GLU TP UREA CREA TG

Control 1.70 ± 0.43 1076.47 ± 351.89 10.43 ± 3.69 65.23 ± 3.19 8.37 ± 1.14 26.43 ± 5.22 0.42 ± 0.14

Micro-copper 1.67 ± 0.31 1442.84 ± 493.35* 11.08 ± 1.21 55.94 ± 1.70** 9.47 ± 2.51 16.41 ± 6.39** 0.61 ± 0.22

CuCl2·2H2O 1.97 ± 0.29 936.51 ± 193.07 11.11 ± 2.60 56.36 ± 3.86** 6.35 ± 1.11* 15.52 ± 4.01** 0.80 ± 0.21**

Nano-copper 50 mg/kg 1.50 ± 0.35 908.97 ± 459.04 12.06 ± 1.54 56.27 ± 4.76** 5.07 ± 1.76** 15.47 ± 2.19** 0.62 ± 0.13*

Nano-copper 100 mg/kg 1.54 ± 0.36 510.5 ± 236.76** 10.83 ± 2.26 55.46 ± 4.88** 4.65 ± 1.16** 16.31 ± 6.93** 0.72 ± 0.30**

Nano-copper 200 mg/kg 1.34 ± 0.27* 386.33 ± 204.55** 10.05 ± 1.26 54.59 ± 1.99** 5.12 ± 2.11** 21.79 ± 4.39* 0.60 ± 0.27
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changes were dose-dependent in nano-copper-treated 
rats.

Cytokine analysis
Nano-copper induced the massive release of cytokines 
(Fig.  4). The levels of IL-1β, IL-2, TNF-α, MIP-1, and 
MCP-1 increased significantly in 200  mg/kg nano-cop-
per-treated rats. The amount of IL-6 increased signifi-
cantly in Cu ions and 200  mg/kg nano-copper-treated 
rats. The level of IFN-γ decreased significantly in the 
100  mg/kg nano-copper-treated rats, while it increased 
significantly in the 1  μm micro-copper and 200  mg/

kg nano-copper-treated groups. The concentrations of 
COX-2 decreased in 1  μm copper and Cu ions-groups 
rats but induced in rats treated with 200  mg/kg nano-
copper. Only high dose of nano-copper caused significant 
increasing of different inflammation cytokines, which 
were different from the impacts of micro-copper and Cu 
ions.

Oxidative stress analysis
Only nano-copper caused the oxidative stress in the 
liver of rats. The concentration of liver MDA increased 
in 200 mg/kg nano-copper-treated rats. The level of NO 

Fig. 3  Histopathological finding in rats treated with various copper preparations. Small vacuoles of hepatocytes (rightwards arrow), inflammation 
cells infiltration (white up-pointing triangle), sinusoidal congestion (black rightwards arrow)
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and iNOS increased significantly in a dose-dependent 
manner in nano-copper-treated rats. Similarly, the con-
centrations of CAT decreased in 50  mg/kg nano-cop-
per-treated rats but increased significantly in 200  mg/
kg nano-copper-treated rats. Nano-copper caused 
dose-dependent increase of oxidative stress in liver, but 
there were no changes on the expression of SOD and 
GSH-Px (Fig. 5).

mRNA expression of nuclear receptors and CYP enzymes
The different sources and dose of copper have different 
impact on the expression of CYP genes and receptors, 
but high dose of nano-copper shown strong inhibi-
tion effect on it. The level of CYP450 1A2 increased in 
1  μm copper-treated rats, but it inhibited significantly 
by Cu ions and 100 mg/kg or 200 mg/kg of nano-copper 
(Fig. 6a). The level of CYP450 2C11 (Fig. 6b) significantly 

Fig. 4  Cytokine content of livers of the various groups of rats. IL-1β, IL-2, IL-6, IFN-γ, TNF-α, MIP-1, MCP-1, and COX-2. *p < 0.05; **p < 0.01
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increased by 50  mg/kg and 100  mg/kg nano-copper, 
but it decreased with 200 mg/kg nano-copper. The level 
of CYP450 2D6 (Fig.  6c) decreased significantly with 
100  mg/kg and 200  mg/kg nano-copper. The level of 
CYP450 2E1 (Fig.  6d) significantly increased with 1  μm 
Cu ions and 50 mg/kg nano-copper. The level of CYP450 
3A1 (Fig.  6e) significantly decreased by 1  μm, 100, and 
200 mg/kg nano-copper. The levels of PXR (Fig. 6f ) and 
CAR​ (Fig.  6g) decreased in a dose-dependent manner 
by nano-copper, but the level of CAR​ increased by Cu 
ions. The level of rats AHR (Fig. 6h) decreased in a dose-
dependent manner by nano-copper and decreased by 
1 μm micro-copper and Cu ions.

Protein expression of nuclear receptors and CYP enzymes
The protein expression changes consistent with the 
changes of mRNA (Figs. 7 and 8), the inhibition mainly 
caused by 100 and 200 mg/kg nano-copper. The relative 
protein level of CYP450 1A2 increased significantly in 
rats treated with 1 μm copper, but decreased significantly 
in 100  mg/kg and 200  mg/kg nano-copper-treated rats. 
The level of CYP450 2C11 significantly increased with 

Cu ions, 50 and 100 mg/kg nano-copper, but significantly 
decreased in 200 mg/kg nano-coper. The level of CYP450 
2D6 decreased significantly with 100 and 200  mg/kg 
nano-copper. The level of CYP450 2E1 increased signifi-
cantly in 1 μm copper, Cu ions, 50 and 100 mg/kg nano-
copper-treated rats. The level of CYP450 3A1 decreased 
significantly in rats treated with 1  μm copper, and 
decreased in a dose-dependent manner in nano-copper-
treated rats. High dose of nano-copper strongly inhibited 
the expression of nuclear receptors, which were different 
to the impact of micro-copper and Cu ions.

CYP450 enzyme activities
Decrease in enzymatic activity was accompanied by the 
reduced genes and proteins expression (Fig. 9). CYP450 
1A2 activity decreased significantly in rats treated with 
Cu ions, 100  mg/kg, and 200  mg/kg nano-copper. The 
activity of CYP450 2C11 decreased significantly in rats 
treated with 200  mg/kg nano-copper. The activities of 
CYP450 2D6 and CYP450 2E1 decreased in 100  mg/kg 
and 200  mg/kg nano-copper-treated rats. CYP450 3A1 
decreased significantly in rats treated with 200  mg/kg 

Fig. 5  The levels of oxidative stress markers in rat livers. a MDA, malondialdehyde; b SOD, superoxide dismutase; c GSH-Px, glutathione peroxidase; 
d NO, nitric oxide; e iNOS, inducible nitric oxide synthase; f CAT, catalase. *p < 0.05; **p < 0.01
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nano-copper. Only high concentration of nano-copper 
inhibited all of the enzymes, and micro-copper and Cu 
ions did not have impacted the enzyme activities in liver.

Signaling pathway analysis
NF-κB, STAT, and MAPK were the main pathways acti-
vated by nano-copper during the process of treatment 
(Fig.  10). The level of NF-κB was induced by 100 and 

200  mg/kg nano-copper, but p-NF-κB just increased 
significantly in 200  mg/kg nano-copper-treated rats. 
The total and phosphorylated levels of JNK, p38 and 
ERK1/2 were induced in 100 and 200  mg/kg nano-
copper-treated rats. The signal pathway of STAT5 also 
activated by nano-copper, but the level of STAT3 just 
increased in total protein. The signals of Akt, p70S6K, 
CERB did not change during the process of treatment.

Fig. 6  mRNA expression of CYP450 and nuclear receptor. CYP450 1A2 (a), 2C11 (b), 2D6 (c), 2E1 (d), 3A1 (e), PXR (f), CAR (g) and AHR (h). *p < 0.05; 
**p < 0.01
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Discussion
The high dose of nano-copper caused obvious liver 
damage in rat, because the level of AST and ALP were 
increased significantly, which are used as common 
indicators of liver injury [34]. Liver is the main organ 
for protein synthesis; the contents of ALB, GLB, and 
TP decreased significantly after nano-copper causing 

liver dysfunction. Direct proof of liver damage was 
shown in the histopathological results, due to the dose-
dependent degree of hepatocyte degeneration [35]. The 
increased CREA also indicated that kidney injury was 
caused by nano-copper [36].

Nano-copper can break different biological barriers 
and enter the body’s circulation [37–39], then accumulate 

Fig. 7  Protein expression of nuclear receptors and CYP enzymes. Quantification of the protein bands as determined with ImageJ. *p < 0.05; 
**p < 0.01
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in liver, and interact with biomacromolecules. Oxida-
tive stress is the main cause of organ cytotoxicity caused 
by nano-copper [40]. Oxidative stress is also related 
to inflammation with the release of many inflamma-
tory cytokines [41–43]. The levels of the inflammatory 
cytokines IL-1β, TNF-α, IL-6, and MIP-1 increased 

significantly, especially at the highest doses of the nano-
copper-treated rats. Also, the markers of oxidative stress 
(MDA, NO, iNOS, and CAT) increased significantly. We 
found that Cu ions also caused inflammation in the rat 
liver, so we speculate that the liver inflammation and oxi-
dative stress were caused by nano-copper and Cu ions 
together when part of the nano-copper was ionized in 
stomach acid [44, 45]. Oxidative stress and inflammatory 
response caused by nano-copper will further aggravate 
liver dysfunction [46].

The CYP450 subfamily plays an important role in the 
metabolism of most kinds of drugs [47]. Oxidative stress 
and inflammation are important factors that affect the 
expression of CYP450 in the liver [48–51]. Many phase-
I enzymes are also regulated by specifically transcription 
factors, such as the AhR, CAR, and PXR [52, 53]. In this 
work, mRNA expression and protein expression of PXR, 
CAR, and AHR were significantly suppressed by nano-
copper administration. According to reported studies 
[52, 54], decreased PXR mainly affects the expression of 
CYP450 2C and 3A subtypes, while decreased CAR and 
AHR mainly affect the expression of CYP450 1A subtype. 
In this study, the mRNA, protein, and activity of CYP450 
1A2 and 2D6 decreased significantly in medium and high 

CYP 2C11

CYP 2D6

CYP 2E1

CYP 3A1    

AHR      

CAR      

PXR      

β-Actin

A   B     C   D    E    F

CYP1A2

Fig. 8  Western blot analysis displays dose-dependent inhibition of 
nano-copper in liver CYP enzymes. A: Control, B: Micro-copper, C: 
Cucl2·2H2O, D: Nano-copper 50 mg/kg, E: Nano-copper 100 mg/kg, F: 
Nano-copper 200 mg/kg

Fig. 9  Activities of CYP450 enzymes in rats. CYP450 1A2 (a), 2C11 (b), 2D6 (c), 2E1 (d), 3A1 (e). *p < 0.05; **p < 0.01
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doses of nano-copper; the mRNA and protein expression 
of CYP450 3A1 decreased significantly, but the activity 
only decreased in the 200 mg/kg dose. CYP450 2C11 and 
2E1 were induced by low-dose but inhibited by high dose 
of nano-copper, which may be due to the increased levels 
of TNF-α and IL-6 [55].

The regulation of CYP450  s also related to key tran-
scription and protein kinases, such as NF-κB and MAPKs 
[56, 57]. The signaling pathways also cross-talk with oxi-
dative, inflammatory, and nuclear receptors to affect the 
expression of CYP450 enzymes [58]. In our results, nano-
copper mainly affected NF-κB, MAPK, and STAT5, which 
significantly increased the phosphorylated proteins and 
the ratio of phosphorylated and total protein. The level 
of p-38, JNK, and ERK increased significantly, which was 
found to function upstream of the IκB-α/NF-κB signal-
ing pathway [58]. NF-κB is an important transcription 
factor that regulates the expression of CYP450 [59]. The 
JAK/STAT signaling pathway is involved in the expres-
sion of various cytokines [60, 61], which indirectly regu-
lates the expression of CYP450 enzymes. The regulation 
of CYP450 is a complex process, and the effects of nano-
copper on CYP450 enzyme involve the activation of 

several regulatory signaling pathways, the mechanism of 
which deserves further study.

Conclusions
Our study has indicated that sub-chronic exposure to 
nano-copper caused obvious liver injury and decreased 
the expression and activity of drug metabolism enzymes 
in rats. These changes are accompanied by the appear-
ance of oxidative stress, inflammatory reactions, and key 
regulation pathways activated in the liver of rats. To date, 
most of the literature only focused on the regular toxic-
ity of nano-copper; our research focused on the potential 
risks of nano-copper–drug interactions, but more studies 
are still needed to explain the detail mechanism.
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