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A B S T R A C T   

Silicosis is the most common type of pneumoconiosis, having a high incidence in workers chronically exposed to 
crystalline silica (CS). No specific medication exists for this condition. GHK, a tripeptide naturally occurring in 
human blood and urine, has antioxidant effects. We aimed to investigate the therapeutic effect of GHK-Cu on 
silicosis and its potential underlying molecular mechanism. An experimental silicosis mouse model was estab-
lished to observe the effects of GHK-Cu on lung inflammation and fibrosis. Moreover, the effects of GHK-Cu on 
the alveolar macrophages (AM) were examined using the RAW264.7 cell line. Its molecular target, peroxiredoxin 
6 (PRDX6), has been identified, and GHK-Cu can bind to PRDX6, thus attenuating lung inflammation and fibrosis 
in silicosis mice without significant systemic toxicity. These effects were partly related to the inhibition of the CS- 
induced oxidative stress in AM induced by GHK-Cu. Thus, our results suggest that GHK-Cu acts as a potential 
drug by attenuating alveolar macrophage oxidative stress. This, in turn, attenuates the progression of pulmonary 
inflammation and fibrosis, which provides a reference for the treatment of silicosis.   

1. Introduction 

Silicosis is a systemic disease characterized by extensive nodular 
fibrosis of the lungs, which is caused by inhalation of large amounts of 
free silica dust [1]. Although silicosis occurs worldwide, it remains the 
most serious occupational disease among mining, construction, and 
manufacturing workers in many developing countries, and ideal thera-
peutic agents for this condition are yet to be developed [2–4]. Oxidative 
stress is an imbalance between the oxidative damage mediated by 
reactive oxygen species and the antioxidant defense system. Alveolar 
macrophages (AM) are the first line of defense in the distal lung [5], and 
if the AM-ingested silica particles are not cleared from the lungs, the 
phagocytosed particles induce reactive oxygen species (ROS) production 
and damage the macrophage lysosomes. This leads to an inflammatory 

cascade that further recruits inflammatory cells and perpetuates the 
pathology [6–9]. The secreted inflammatory factors induce an effective 
pro-fibrotic response, leading to collagen deposition, fibrosis, and ulti-
mately progressive massive fibrosis (PMF) [10–12]. AM oxidative stress 
and the inflammatory response, which are important causative factors of 
silicosis, may be potential targets for treating this condition. 

Glycine-Histidine-Lysine (GHK) is a tripeptide with a glycyl-histidyl- 
lysine amino acid sequence, as the name indicates, and is a normal 
component of human plasma, urine, and saliva [13]. GHK has a wide 
range of biological actions that are beneficial to human health. The 
ability of GHK to improve tissue repair has been demonstrated in skin, 
lung, bone, liver, and stomach tissue [14–17]. GHK can easily form a 
GHK-Cu complex with Cu, which can improve the GHK bioavailability, 
and the metal ion Cu2+ can be used as an endogenous antioxidant to 
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activate superoxide dismutase (SOD), which makes the GHK-Cu complex 
have a stronger antioxidant effect than that of the original GHK [18]. 
GHK-Cu complexes can increase the SOD activity to reduce the pro-
duction of ROS and decrease the release of the pro-inflammatory cyto-
kine tumor necrosis factor-α (TNF-α) in a lipopolysaccharide 
(LPS)-induced acute lung injury mouse model [19,20]. Furthermore, in 
wound healing and skin repair, GHK-Cu can reduce the release of the 
transforming growth factor beta1 (TGF-β1) [21]. Based on the previous 
research done by our group, we found that GHK can be used to inhibit 
the insulin-like-1 (IGF-1) and TGF-β1/Smads signaling pathways, and 
thus inhibit bleomycin-induced pulmonary fibrosis in mice [22]. 
Therefore, this GHK-Cu property makes it a drug that can be used for the 
treatment of silicosis. We aimed to investigate the protective effect of 
GHK-Cu against silica-induced pulmonary fibrosis in mice and its 
possible underlying mechanism. 

2. Materials and methods 

2.1. Human subjects and measurement of the plasma GHK-Cu level 

Patients with silicosis (n = 15) and age-matched healthy controls (n 
= 11) were recruited in the China-Japan Friendship Hospital between 
December 2021 and March 2022. The inclusion criterion was a silicosis 
diagnosis. The exclusion criteria were as follows: silicosis exacerbation 
within the last month; having severe cardiovascular disease or active 
lung disease; and having an inability to read or understand the informed 
consent documents. The plasma GHK-Cu level was detected as previ-
ously reported [23]. 

Details of animal model, cell culture, treatment and other experi-
mental procedures are supplied in the supplementary materials. 

Fig. 1. The plasma level and clinical relevance of GHK in patients with silicosis: A. Plasma GHK levels in healthy subjects and patients with silicosis. B. Plasma 
GHK levels in patients with silicosis in different clinical stages of the disease. C. Lung imaging manifestations and plasma GHK levels in a healthy control population 
and in patients in different clinical stages of silicosis. D. Correlation between the plasma GHK levels and FEV1%pre in patients with silicosis. E. Correlation between 
the plasma GHK levels and the DLCO%pre in patients with silicosis. ns: p ≥ 0.05, **p < 0.01, ****p < 0.0001. 
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Fig. 2. GHK-Cu attenuates lung inflammation and fibrosis in silicosis mice: A. H&E and Masson staining of the left lung tissues of CS-exposed mice treated with 
intraperitoneal injections of different doses of GHK-Cu (2 and 20 mg/kg). n = 5. B. The lung inflammatory scores were calculated according to the sum of the cell 
infiltration and damage levels, as assessed based on the lung sections. n = 5. C. Quantification of the collagen amount present in the lung sections, represented by the 
hydroxyproline content. D. The pulmonary index was determined to show the alveolar swelling and interstitial fibrosis of the lung sections treated with GHK-Cu or 
not. E. Immunohistochemical staining of the lung sections for α-SMA was performed after 28 days of CS exposure. F. Immunohistochemical staining of the lung 
sections for TGF-β1 was performed after 28 days of CS exposure. **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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3. Results and discussion 

3.1. The plasma level and clinical relevance of GHK-Cu in patients with 
silicosis 

The baseline characteristics of the healthy subjects and patients with 
silicosis are listed in Supplemental Table 1. Pulmonary function (FEV1% 
predicted and DLCO% predicted) was significantly lower in patients 
with silicosis than in healthy controls. To analyze the expression level 
and clinical relevance of GHK in patients with silicosis and healthy 
subjects, the plasma levels of GHK, inflammatory factors, and anti-
oxidative stress factors were determined. Our data show that the plasma 
GHK levels of patients with silicosis were lower (35.67 ± 13.69 ng/mL 
vs. 105.50 ± 31.94 ng/mL, p < 0.0001) (Fig. 1A) than those of healthy 
subjects. The plasma GHK level decreased as the clinical stage of patients 
with silicosis progressed (Fig. 1B and C). Next, the correlation between 
the plasma GHK level and lung function was assessed. As shown in 
Fig. 1D, the plasma GHK levels were positively correlated with the 
FEV1% and the DLCO% levels predicted (R = 0.8760, p < 0.0001 and R 
= 0.8196, p = 0.0002, respectively). Our previous studies have shown 
that the GHK levels are significantly lower in the plasma of patients with 
chronic obstructive pulmonary disease and asthma than in the healthy 
subjects and that these correlate with an altered lung function, which 
can be improved via exogenous supplementation with GHK-Cu [23,24]. 
Therefore, based on the fact that the GHK levels were significantly lower 
in patients with silicosis than in healthy subjects, we hypothesized that 
the exogenous supplementation with GHK-Cu could improve lung injury 
and function in patients with silicosis. 

3.2. GHK-Cu attenuates lung inflammation and fibrosis in silicosis mice 

To investigate the role of GHK-Cu in the silicosis process, we exam-
ined a series of inflammatory indicators in the lungs of silicosis mouse 
models and the corresponding controls (Fig. S1). The morphological 
examinations revealed that GHK-Cu markedly alleviated the alveolar 
lesions, pulmonary injury, and fibrosis caused by CS stimulation (Fig. 2A 
and B). The levels of macrophages and other subtypes of infiltrating cells 
found in the BALF in the control group were notably lower than those 
found in the CS group (Fig. S1B). ELISA was used to detect the levels of 
the main inflammatory factors among cytokines and chemokines, such 
as TNF-α, IL-4, IL-6, and IL-10, which returned to normal levels due to 
the high-dose GHK-Cu (20 mg/kg) intervention (Figs. S1C–F). GHK-Cu 
can alleviate pulmonary fibrosis in silicosis mice (Figs. S2A–B). The 
detection of the hydroxyproline content also indicated that GHK-Cu 
inhibited the silica-induced collagen deposition in the lungs (Fig. 2C). 
GHK-Cu also significantly reduced the pulmonary index (Fig. 2D). 
Furthermore, the immunohistochemistry results clearly showed that the 
α-SMA and TGF-β1 expression was reversed by GHK-Cu (Fig. 2E–F and 
S2C-D). Previous studies have also shown that GHK-Cu ameliorates 
bleomycin-induced pulmonary fibrosis in mice via TGF-β pathway in-
hibition [22]. Taken together, the silicosis mice might have benefited 
from the GHK-Cu intervention done here. 

3.3. GHK-Cu attenuates cellular injury and oxidative stress in CS-exposed 
macrophages 

To facilitate the mechanistic investigation, we focused our attention 
on AM because these are the primary host defense cells that respond to 

CS phagocytosis and antigen presentation in silicosis. Thus, we estab-
lished an in vitro CS culture system comprising RAW264.7 cells that 
could mimic the response of intrapulmonary macrophages to silicosis. 
After confirming the concentrations and times of administration of CS 
and GHK-Cu to cells, we observed that RAW264.7 cells and primary AMs 
produce more ROS due to an excessive phagocytosis of CS (50 μg/cm2), 
whereas GHK-Cu reversed this phenomenon (Fig. 3A and S3A-B). We 
detected the cell membrane puncta using flow cytometry and the TMRE 
assay showed that GHK-Cu reversed the impaired mitochondrial mem-
brane potential (Fig. 3B and S3C). Consistent with the TERM assay re-
sults, the JC-1 staining results also showed that GHK-Cu could 
ameliorate the impaired mitochondrial membrane potential dose- 
dependently (Fig. 3C and S3D-E). We further examined the effect of 
GHK-Cu on the SOD and TEAC levels in RAW264.7 cells after CS 
exposure, and the results showed that GHK-Cu could rescue the SOD and 
TEAC levels (Fig. 3D and E). Moreover, we found that GHK-Cu could 
improve mitochondrial autophagy even further (Fig. 3F and S3F). Pre-
vious studies have also shown that the level of oxidative stress in AM 
influences the subsequent inflammatory cascade and promotes fibrosis 
development [6,25,26]. Based on our findings, we concluded that 
GHK-Cu exerted a direct regulatory effect on maintaining the homoeo-
stasis of CS-injured AM through antioxidative stress pathways. 
RAW264.7 cell line is widely used in research related to silicosis and be 
considered as a reliable cell line to conduct macrophage-related exper-
imental investigations. However, we have to be aware that using 
RAW264.7 cell line rather than primary alveolar macrophages is one of 
the limitations of this study because we did not validate all the experi-
ments with primary AMs. 

3.4. GHK-Cu targets PRDX6 and protects against CS-exposed oxidative 
stress via PRDX6 

The promising outcomes of GHK-Cu in silicosis models indicate that 
it is worthy of further examination. To further reveal the molecular 
targets of GHK-Cu in modulating macrophage function, we used bio-
tinylated GHK-Cu (bio-GHK-Cu) to unravel its targets in RAW264.7 
cells. To provide direct evidence of the GHK-Cu target, we incubated the 
RAW264.7 cell lysate with bio-GHK-Cu and conducted proteome anal-
ysis by paying special attention to PRDX6, which is an important anti-
oxidative stress molecule (Fig. S4A). Biotinylated immunoprecipitation, 
biotinylated pull-down and Western blot analyses demonstrated the 
binding between GHK-Cu and PRDX6 (Fig. 4A and B). We then used 
surface plasmon resonance (SPR) to measure the equilibrium dissocia-
tion constant between GHK-Cu and PRDX6 and found that the binding 
affinity (Kd) was 2.81 × 105 M (Fig. 4C and S4B). Spatial docking 
simulation was used to visualize the binding state between GHK-Cu and 
PRDX6 and showed that Thr177, which is important to the activity of c- 
PLA2, is one of the binding sites (Fig. 4D). Collectively, we inferred that 
GHK-Cu plays a covalent binding role in targeting the PRDX6 protein. To 
confirm that PRDX6 is a pathologic molecule for the direct GHK-Cu 
interaction, we silenced PRDX6 in RAW264.7 cells. This antagonized 
the effect of GHK-Cu in reducing the ROS levels produced by RAW264.7 
cells and primary AMs after CS exposure (Fig. 4E and S4E). Then, we 
further showed that the protective effect of GHK-Cu on the mitochon-
drial membrane potential was also lost after silencing PRDX6, as per the 
JC-1 staining results (Fig. 4F and S4F). The results of the SOD inhibition 
rate and TEAC also show that the antioxidant capacity of GHK-Cu to 
rescue RAW264.7 cells was antagonized after silencing PRDX6 

Fig. 3. GHK-Cu attenuates the cellular injury and oxidative stress in CS-exposed macrophages: A. ROS levels in CS-exposed RAW264.7 cells and primary AMs, 
as well as after the treatment with different doses of GHK-Cu. B. Mitochondrial membrane potential in CS-exposed RAW264.7 cells, as well as after the treatment with 
different doses of GHK-Cu, was detected using flow cytometry via TRME staining. C. Mitochondrial membrane potential in CS-exposed RAW264.7 cells and primary 
AMs, as well as after the treatment with different doses of GHK-Cu, was detected using fluorescence confocal microscopy via JC-1 staining. D. SOD inhibition rate of 
RAW264.7 cells exposed to CS and treated with different doses of GHK-Cu. E. Antioxidant activity of RAW264.7 cells exposed to CS and treated with different doses 
of GHK-Cu. F. Detection of the level of mitophagy of RAW264.7 cells exposed to CS and treated with different doses of GHK-Cu according to the fluorescence results. 
ns: p ≥ 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001. 
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(Fig. S4C-D). Our results demonstrate that GHK-Cu indeed exerts anti-
oxidant effects in macrophages by targeting PRDX6. 

Here, we demonstrated that GHK-Cu attenuates silica-induced 
pneumonitis and pulmonary fibrosis by targeting the binding to 
PRDX6. Thus, our results have rekindled our interest in the fact that the 
inhibition of oxidative stress-mediated signaling is essential for pre-
venting silicosis. Alterations in the PRDX6 levels in rats with silica- 
induced silicosis have previously been reported, suggesting that 
PRDX6 may be involved in silicosis development [27]. Moreover, some 
studies have suggested that PRDX6 has an antioxidant role in certain 
lung diseases [28–31]. However exactly how PRDX6 works in silicosis 
has not yet been reported in studies. Although some studies have shown 
that other immune cells such as lymphocytes, monocytes and cen-
trocytes play a role in the fibrosis of silicosis [32–34], previous studies 
have been more explicit about the critical role of AMs in silicosis fibrosis. 
Based on accumulating evidence, the activation of AMs is the beginning 
step in a complicated inflammatory cascade and are central to fibrosis, 
both in terms of the histopathology of silicosis and in terms of patho-
genesis [35]. Our results show that the binding of GHK-Cu to PRDX6 
reduced macrophage ROS production and the oxidative stress levels, and 
might have prevented silicosis development. Therefore, GHK-Cu is a 
new effective drug candidate for silicosis treatment. Moreover, combi-
nation therapy using different classes of agents may be a promising 
therapeutic strategy to delay the progression of silicosis. In future, we 
will pay attention on exploring the functions of other immune cells in 
the process of fibrosis or silicosis. 

4. Conclusion 

Taken together, the present work reveals the novel pharmacological 
role of GHK-Cu of attenuating pneumonia and pulmonary fibrosis. We 
determined that the regulatory effect of GHK-Cu on PRDX6 is, at least, 
partially involved in the molecular mechanism underlying the treatment 
of silicosis. Our results, which show that GHK-Cu plays a protective role 
in preventing silicosis, suggest that a nebulized inhaler form of this 
compound could be developed and used for the prevention and 
adjunctive treatment of lung diseases in future clinical practice. Thus, 
our study demonstrates that GUK-Cu is a beneficial tripeptide for the 
adjunctive management of silicosis, providing a reference for the 
treatment of silicosis. 
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