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The peptide glycyl-ʟ-histidyl-ʟ-lysine is an endogenous 
antioxidant in living organisms, possibly by  
diminishing hydroxyl and peroxyl radicals
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Abstract: Despite evidence that tripeptide glycyl-ʟ-histidyl-ʟ-lysine (GHK) is an endogenous antioxidant, its mecha-
nism and importance are not fully understood. In the present study, the ability of GHK to reduce levels of reactive 
oxygen species (ROS) in Caco-2 cells was evaluated by flow cytometry with the oxidation-sensitive fluorescent dye 
2’,7’-dichlorodihydrofluorescein diacetate. Further, types of ROS diminished by GHK were assessed by utilizing an 
electron spin resonance (ESR) spin-trapping technique. GHK reduced the tert-butyl hydroperoxide-induced increase 
in ROS levels in Caco-2 cells at concentrations of 10 µM or less. Experiments utilizing an ESR spin-trapping tech-
nique revealed that, among hydroxyl (·OH), superoxide (O2

-·), and peroxyl (ROO·) radicals generated by respective 
chemical reaction systems, GHK diminished signals of both ·OH and ROO·, but not O2

-·. Additionally, the GHK effect 
on the signal of ·OH was much stronger than those of other well-known antioxidative, endogenous peptides, carno-
sine and reduced glutathione. These results suggest that GHK can function as an endogenous antioxidant in living 
organisms, possibly by diminishing ·OH and ROO·.
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Introduction

The natural tripeptide glycyl-ʟ-histidyl-ʟ-lysine 
(GHK) was first isolated by Pickart and Thaler 
[1]. GHK is liberated from extracellular matrix 
proteins, especially the α-II chain of collagen in 
response to soft tissue damage [2-4]. Numerous 
studies have demonstrated that this simple 
molecule improves wound healing and tissue 
regeneration (e.g., skin, hair follicles, bones, 
stomach, intestinal linings, and liver tissues), 
increases collagen and glycosaminoglycans, 
and increases angiogenesis and nerve out-
growth [5-8]. Interestingly, Bobyntsev et al.  
[9] also reported that the administration of 
GHK has marked anxiolytic effects on behav-
ioral responses of rats. Thus, GHK has many 
beneficial effects on the body, but the mecha-
nisms underlying these effects are not fully 
understood.

Substantial evidence has surfaced regarding 
the harmful effects of reactive oxygen species 

(ROS) generated endogenously and exogenous-
ly. Certain antioxidants may have physiological 
and pharmacological functions, without any 
side effects, in preventing oxidative stress-
induced damage. GHK has been reported to 
quench the toxic products of lipid peroxidation, 
α,β-4-hydroxy-trans-2-nonenal and acrolein, 
which play important roles in the pathogenesis 
of several age-related conditions [10, 11]. 
However, to the best of our knowledge, the 
effect of GHK on ROS levels in living cells and 
on various types of ROS are unknown.

In this study, we examined the concentration-
dependent effects of GHK on ROS levels in 
Caco-2 cells by using flow cytometry with the 
oxidation-sensitive fluorescent dye 2’,7’-dichlo-
rodihydrofluorescein diacetate (DCFH-DA). We 
also utilized an electron-spin resonance spec-
trometry (ESR) spin-trapping technique [12] to 
evaluate the specific effects of GHK on hydroxyl 
(·OH), superoxide (O2

-·), and peroxyl (ROO·) radi-
cals generated by respective chemical reaction 
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systems and compared these effects with 
those of other well-known antioxidative, endog-
enous peptides, carnosine and reduced gluta-
thione (GSH) [13, 14].

Materials and methods

Materials

GHK, H2O2, mannitol, SOD, 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), 
xanthine, xanthine oxidase (XO), tert-butyl 
hydroperoxide (t-BOOH, 70%, w/w, aqueous 
solution), GSH, and diethylenetriaminepenta-
acetic acid (DTPA) were obtained from Sigma 
Chemical Co. (St. Louis, MO, USA). DCFH-DA 
was obtained from Life Technologies Corpo- 
ration (Carlsbad, CA, USA). 5,5-Dimethyl-1-
pyrroline-N-oxide (DMPO) and α-(4-pyridyl 1- 
oxide)-N-tert-butylnitrone (POBN) were pur-
chased from Enzo Life Technologies (Farming- 
dale, NY, USA). N-Acetyl-ʟ-cysteine (NAC), 
Ce(SO4)2·4H2O, and FeSO4·7H2O were obtained 
from Wako Pure Chemical Industries, Limited 
(Osaka, Japan). All other reagents were of ana-
lytical grade. The ultrapure water was prepared 
using a compact ultrapure water system 
(Milli-Q®; Merck Millipore, Burlington, MA, USA).

Measurement of ROS in Caco-2 cells

Measurements of ROS in Caco-2 cells were per-
formed following previously reported methods 
[15]. Caco-2 cells were purchased from the 
European Collection of Cell Cultures (Salisbury, 
Wilts, UK) and cultured in Minimum Essential 
Medium (Life Technologies Corporation) sup-
plemented with 10% fetal bovine serum 
(Nichirei Biosciences Inc., Tokyo, Japan) and 1% 
non-essential amino acids (Life Technologies 
Corporation). The cells were maintained in a 
humidified atmosphere of 5% carbon dioxide at 
37°C.

ROS levels were measured by flow cytometry 
with the oxidation-sensitive fluorescent dye, 
DCFH-DA. The cells (1.0 × 106 cells/28 cm2 
dish) were incubated with the test reagents for 
6 h, and then DCFH-DA was added at a final 
concentration of 10 μM. After incubation for  
30 min, the cells were collected by centrifuga-
tion (4°C and 200 × g for 5 min) and washed 
twice. The samples were filtered through a 
nylon mesh (37 μm) and subjected to flow 
cytometry (FACSAria™ III Flow Cytometer; 
Becton Dickinson, Basel, Switzerland).

ESR measurement

The ESR spectrometer TE-2100 (JEOL, Tokyo, 
Japan) and a JEOL flat quartz cell were used. 
The conditions were as follows: field, 336 ± 5 
mT width; power, 2 mW (DMPO-OH· signal) and 
4 mW (DMPO-OOH·, and POBN adduct signals); 
field modulation, 0.200 mT; time constant, 0.1; 
and amplitude, 300. A manganese signal was 
used as the external standard.

Observation of DMPO-OH· reflecting ·OH

The Fenton reaction was initiated by adding 
H2O2 (final concentration, 0.5 mM) to a mixture 
of DMPO (final concentration, 10 mM) and 
FeSO4·7H2O (final concentration, 0.25 mM) in 
0.1 M sodium phosphate buffer (pH 7.4) in a 
total volume of 0.5 mL. The spin-trapped 
DMPO-OH· signal reflecting ·OH was measured 
1 min after the addition of H2O2.

Observation of DMPO-OOH· reflecting O2
-·

The xanthine/XO reaction was started by add-
ing xanthine (final concentration, 200 mM) to a 
mixture of DMPO (final concentration, 220 
mM), XO (final concentration, 0.1 U/mL), and 
DTPA (final concentration, 0.1 mM) in 0.1 M 
sodium phosphate buffer (pH 7.4) in a total vol-
ume of 0.5 mL. The spin-trapped DMPO-OOH· 
signal reflecting O2

-· was measured 1 min after 
the addition of xanthine.

Observation of POBN-adduct signal reflecting 
t-BOO·

The Ce4+/t-BOOH reaction was started by add-
ing t-BOOH (final concentration, 400 mM) to a 
mixture of POBN (final concentration, 10 mM) 
and Ce(SO4)2·4H2O (final concentration, 0.2 
mM) in 0.1 M sodium phosphate buffer (pH 7.4) 
in a total volume of 0.5 mL. The POBN adduct 
signal reflecting t-BOO· were measured 1 min 
after the addition of t-BOOH.

Statistical analysis

The results are expressed as means ± stan-
dard errors of the mean. Significant differences 
between two groups were assessed using t- 
tests, and differences between multiple groups 
were assessed by one-way analysis of variance, 
followed by Scheffé’s multiple comparison 
tests. P-values less than 0.05 were considered 
statistically significant.
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Results and discussion

GHK potently diminishes ROS levels in viable 
cells

Figure 1A shows the effects of t-BOOH with or 
without GHK and NAC on intracellular ROS gen-
eration in Caco-2 cells, as determined by flow 
cytometry with the redox-sensitive fluorescent 
dye DCFH-DA. NAC is often used as an antioxi-
dant in cell experiments [16]. The addition of 
t-BOOH (50 µM) to Caco-2 cells shifted the 
mean fluorescence intensity (MFI, dashed lines 
in Figure 1A) to the right, indicating an increase 
in ROS levels based on DCF fluorescence. The 
increment in MFI induced by t-BOOH was 
reduced by the addition of 10 μM GHK. Figure 
1B summarizes the MFI results obtained by the 
method described in Figure 1A. The addition of 
10 μM NAC significantly diminished the t-BOOH-
induced increase in MFI (28% inhibition). At the 
same concentration, GHK significantly reduced 

the t-BOOH-induced increase in MFI (10 μM 
GHK, 48% inhibition). The inhibitory effect of 10 
μM GHK was stronger than that of NAC, with a 
statistically significance. This means that GHK 
reduces the t-BOOH-induced increase in ROS 
levels in living cells, even at concentrations of 
10 µM or less.

GHK diminishes the amount of spin signal ad-
duct of ·OH more potently than do carnosine 
and GSH

A direct method for measuring free radicals in 
aqueous conditions is ESR spectroscopy [14]. 
Figure 2A shows the ESR spectra of the spin 
signal adducts from ·OH, O2

-·, and t-BOO· using 
their respective spin trapping reagents. 

Figure 2Aa shows the ESR spectra obtained by 
the Fenton reaction and DMPO with and with-
out mannitol, a specific ·OH scavenger [17, 18]. 
The 1:2:2:1 quartet pattern shows a hyperfine 

Figure 1. Alterations in ROS levels in Caco-2 cells treated with 
t-BOOH in combination with GHK. (A) Representative univari-
ate histograms of flow cytometry data. (B) Quantitative assess-
ment of the MFI flow cytometry data. Results are presented as 
means ± standard errors of the mean (n = 3-12). αP < 0.01 vs. 
None. βP < 0.01, γP < 0.01 vs. t-BOOH. δP < 0.01 vs. NAC. MFI, 
mean fluorescence intensity (shown as dashed lines in part A); 
GHK, glycyl-ʟ-histidyl-ʟ-lysine; t-BOOH, tert-butylhydroperoxide; 
NAC, N-acetyl-ʟ-cysteine.
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coupling at 1.50 mT, the same value as that of 
DMPO-OH· reported previously [19, 20]. The 
signal of DMPO-OH· was quenched almost com-
pletely with 10 mM mannitol. Figure 2Ab shows 
the spin signal adducts of DMPO-OOH· reflect-
ing O2

-· in the absence or presence of 0.5 U/mL 
SOD. The hyperfine fit parameters for the DMPO 
adducts were as follows: a(N) = 1.42 mT, a(H)b 
= 1.14 mT, and a(H)γ = 0.12 mT, consistent with 
previous values reported for DMPO-OOH· [19, 
20]. The involvement of O2

- · was confirmed by 
the reduction in the DMPO-OOH· signal intensi-
ty in the presence of 0.5 U/mL SOD. Figure 2Ac 
shows the spin signal adduct of t-BOO· [a(N) = 
1.51 mT, a(H) = 0.23 mT] by the reaction of the 
Ce4+/t-BOOH system with POBN. The hyperfine 
fit parameters are identical to those previously 
reported [21, 22]. An obvious quenching by 0.5 
mM Trolox, which is a potent peroxyl radial 
scavenger [23, 24], supported the identity of 
the product. Positive correlations between the 
disappearance of the signals of DMPO-OH·, 
DMPO-OOH·, and POBN adduct signal of t-BOO·, 
and their respective scavenger concentrations 
were observed (Supplementary Data). Figure 
2A and Supplementary Data collectively dem-

onstrate that these three experimental condi-
tions using the ESR apparatus can be used to 
assess the quenching efficacies of specific sub-
stances against ·OH, O2

-·, and t-BOO·. Figure 2A 
also showed representative ESR spectra in the 
presence of GHK. GHK at 250 μM reduced both 
spin signal adducts of ·OH (1) and t-BOO· (3), but 
not of O2

-· (2).

Figure 2B shows the effect of GHK on the 
amounts of spin signal adducts of ·OH (1), O2

-· 
(2), and t-BOO· (3) detected by the methods 
described in Figure 2Aa-Ac. GHK at 250 µM 
quenched the spin signal adducts of both ·OH 
(47% inhibition) and t-BOO· (30% inhibition), but 
did not influence the spin signal adduct of O2

-·.

The effect of GHK on the amount of spin signal 
adduct of ·OH was investigated further. The 
diminishing effect of GHK on the amount of 
spin signal adduct of ·OH was compared to that 
of an equimolar mixture (G+H+K, 1:1:1) of the 
GHK constitutive amino acids (Table 1). A mix-
ture of G, H, and K (250 µM each) did not have 
any effect on the spin signal adduct of ·OH, 
whereas GHK at the same concentration did. 

Figure 2. Effect of GHK on the amounts of spin signal adducts of ·OH, O2
-·, and t-BOO· generated by their respective 

chemical reaction systems. A. Representative ESR signal spectra of (a) DMPO-OH reflecting ·OH, (b) DMPO-OOH 
reflecting O2

-·, and (c) POBN adduct signal reflecting t-BOO·. (a) Fe2+, 0.25 mM; H2O2, 0.5 mM. (b) xanthine, 200 mM; 
XO, 0.1 U/mL. (c) Ce4+, 0.2 mM; t-BOOH, 400 mM. B. The effect of GHK on the amounts of spin signal adducts of 
·OH, O2

-·, and t-BOO·. The radical intensity was defined as the ratio of the peak height of respective signal [indicated 
as arrows in part Aa-Ac] to that of Manganese (Mn). Results are presented as means ± standard errors of the mean 
(n = 3-8). αP < 0.01 vs. Control. GHK, 250 μM. ·OH, hydroxyl radicals; O2

-·, superoxide radicals; t-BOO·, tert-butyl per-
oxyl radicals; GHK, glycyl-ʟ-histidyl-ʟ-lysine; XO, xanthine oxidase; SOD, superoxide dismutase; ESR, electron spin 
resonance; t-BOOH, tert-butyl hydroperoxide.
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These results indicate that GHK results in a 
cooperative or synergistic reduction in the spin 
signal adduct of ·OH when the amino acids were 
linked in the peptide structure.

Many studies have examined the antioxidant 
and metal ion chelation effects of carnosine 
(β-alanyl-ʟ-histidine), a dipeptide, and GSH 
(γ-glutamyl-cysteinyl-glycine), a tri-peptide [13, 
14]. Figure 3 illustrates the ·OH diminishing effi- 
cacy of GHK in comparison with those of carno-
sine and GSH. All three small peptides dose-
dependently diminished ·OH, but the effect of 
GHK was much stronger than those of the other 
two peptides (IC50 value: GHK, approximately 

The present study showed that GHK, even at 
concentration of 10 µM or less, significantly 
reduces ROS levels initiated by t-BOOH. Thus, it 
is possible that GHK acts as an antioxidant 
under such pathophysiological conditions.

Acrolein, a well-known carbonyl toxin, is pro-
duced by lipid peroxidation of polyunsaturated 
fatty acids. GHK has been reported to effec-
tively reduce the formation of both acrolein and 
another product of oxidation, 4-hydroxynonenal 
[10, 11]. These previous studies make us 
expect a direct scavenging capacity of GHK 
against ·OH and ROO·. But, it has been shown 
that GHK interacts with an approximately equi-
molar amount of copper and an approximately 
1/5 molar amount of iron [17, 25]. Accordingly, 
it seems likely that GHK chelates Fe and Ce in 
the chemical reaction systems for the genera-
tion of ·OH and ROO·, and this effect is stronger 
than those of carnosine and GSH. Additional 
studies are needed to clarify the mechanism by 
which GHK diminishes the generation of ·OH 
and ROO·.

Conclusion

GHK significantly reduced t-BOOH-induced 
increases in ROS levels in Caco-2 cells, and this 
effect was stronger than that of NAC. GHK also 
diminished the generation of ·OH and ROO· by 

Figure 3. Effects of carnosine and GSH as well as GHK on the amounts of 
spin signal adduct of ·OH generated by the Fenton-type reaction. The radical 
intensity was defined as the ratio of the peak height of the signal [indicated 
as arrows in Figure 2Aa] to that of Manganese (Mn). Results are presented 
as means ± standard errors of the mean (n = 3-8). αP < 0.05, βP < 0.01 vs. 
None., γP < 0.01 vs. GSH. δP < 0.05, εP < 0.01 vs. carnosine. ·OH, hydroxyl 
radicals; GHK, glycyl-ʟ-histidyl-ʟ-lysine; GSH, reduced glutathione.

Table 1. Effects of G plus H plus K as well as 
GHK on the generation of hydroxyl radicals
Treatment OH (% of control)
Control 100.0 ± 3.6
GHK 71.4 ± 4.4α,β

G+H+K 104.6 ± 5.0
The radical intensity was defined as the ratio of the peak 
height of the signal [indicated as arrows in Figure 2Aa-
Ac] to that of Manganese (Mn). Results are presented 
as means ± standard errors of the mean (n = 4-10). αP 
< 0.01, significantly different from Control, βP < 0.01; 
significantly different from G+H+K. GHK, 250 μM; G, H or 
K, 250 μM. G, glycine; H, histidine; K, lysine.

250 µM; carnosine, approxi-
mately 500 µM; GSH, greater 
than 1000 µM). This finding 
shows that GHK diminishes 
the spin signal adduct of ·OH 
more strongly than do carno-
sine and GSH.

GHK has been co-isolated 
from human plasma in asso-
ciation with the albumin and 
α-globulin fractions at about 
200 ng/mL (0.6 µM) [1]. How- 
ever, GHK has been reported 
to be liberated from extracel-
lular matrix proteins, especial-
ly the α-II chain of collagen in 
response to even soft tissue 
damage [2-4]; accordingly, 
GHK level is likely to be detect 
at a broad range of concen- 
trations, from nanomolar up  
to micromolar under certain 
pathophysiological conditions. 
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using an ESR method. We believe that our study 
makes a significant contribution to the litera-
ture because, to the best of our knowledge, this 
is the first time that GHK has the potential to 
reduce oxidative stress in living organisms, 
possibly by diminishing ·OH and ROO·.
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