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                                                        Abstract 

Since oxidative stress plays important pathological roles in numerous diseases, 

it is of both critical theoretical and clinical significance to search for the approaches 

for predicting oxidative damage.  Cellular models have great value for studying 

oxidative damage, which would be significantly promoted if non-invasive approaches 

for predicting oxidative damage can be established without the need of exogenous 

probes.  In our current study, we tested our hypothesis that changes of the 

autofluorescence (AF) of cells may be used for predicting oxidative cellular damage.  

Our study found that H2O2 dose-dependently increased the green AF of HaCaT 

keratinocyte cell line at non-nuclear regions assessed at 1 hr or 3 hrs after the H2O2 

exposures, while H2O2 did not affect the green AF of other cell types tested in our 

study, including PC 12 cells and BV2 microglia.  We further found that the increases 

in the AF of HaCaT cells are highly correlated with the H2O2-induced increases in 

early-stage apoptosis, late-stage apoptosis and necrosis assessed at 18 hrs after the 

H2O2 exposures, which are also negatively correlated with the intracellular ATP levels 

of the H2O2-treated cells assessed at 18 hrs after the H2O2 exposures.  Collectively, 

our study has suggested that increased AF may become the first endogenous marker 

for non-invasive prediction of oxidative damage selectively for such cell types as 

HaCaT cells.  Compared with traditional approaches, our method may have 

significant value for studying oxidative damage of keratinocytes with significantly 

higher efficiency and lower cost.   
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Introduction 

Oxidative stress plays critical roles in aging and multiple diseases including 

cerebra ischemia (8), myocardial ischemia (15), Alzheimer’s disease (4), head trauma 

(17) and diabetes (7).   Prevention of oxidative damage has been an important strategy 

for both decreasing the pathological changes of multiple diseases and slowing the 

aging process.  It is both critical theoretical and clinical significance to search for the 

approaches for monitoring oxidative stress and predicting oxidative damage in cells 

and tissues.   

Cellular models are highly valuable for studying both the mechanisms 

underlying oxidative damage and the antioxidant capacity of molecules.  Currently, 

there are two major approaches for monitoring intracellular oxidative stress:  The non-

invasive approaches require applications of such fluorescent probes as 

dichlorofluorescein (DCF) (18) and dihydroethidium (DHE) (14); while the other 

approaches used for either determining antioxidant capacity of cells (3) or assessing 

oxidative damage (19) require cell lysis.  There has been no non-invasive approaches 

that can predict oxidative cellular damage.  

Human AF (AF) of skin or blood has been used as biomarkers for non-invasive 

diagnosis of diabetes (12) and cancer (16).  Our recent study has also suggested that 

UV-induced epidermal green AF can be used as a novel biomarker for predicting UV-

induced skin damage (9).   Our study has also suggested that UV-induced keratin 1 

proteolysis mediates the UV-induced increases in the epidermal AF (9).  However, it 

is unknown if AF may be used in cellular models for non-invasive predication of 

oxidative stress-induced apoptosis, necrosis and other cellular alterations.   
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The major goal of our current study is to test our hypothesis that oxidative stress-

induced AF changes of cells may be used for non-invasive prediction of oxidative 

cellular damage.  Our study has found that H2O2 can dose-dependently induce 

increases in the green AF of HaCaT cells at 1 hr and 3 hrs after the H2O2 exposures, 

which are highly correlated with the H2O2-induced early-stage apoptosis, late-stage 

apoptosis and necrosis assessed at 18 hrs after the H2O2 exposures.  The AF changes  

are also highly negatively correlated with the intracellular ATP levels of the cells.  In 

contrast, H2O2 did not change the green AF of other cell types tested in our study, 

including PC 12 cells and BV2 microglia.  Therefore, the increased green AF may 

become the first endogenous marker for non-invasive prediction of oxidative cellular 

damage of such cell types as HaCaT cells. 

 

Methods and Materials 

Cell cultures 

HaCaT cells, BV2 microglia or PC12 cells were plated into 24-well or 12-well 

cell culture plates at the initial density of 1 × 106 cells/mL in Dulbecco’s Modified 

Eagle’s Medium containing 4500 mg/L D-glucose, 584 mg/L L-glutamine (Thermo 

Scientific, Waltham, MA, USA), and 1% penicillin and streptomycin (Invitrogen, 

Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (PAA, Germany). 

The cells were maintained in a 5% CO2 incubator at 37 °C. 
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2. Autofluorescence imaging of HaCaT cells 

After treatment of cells with H2O2, the cells were washed with PBS and re-

suspended in primary DMEM medium containing 10% FBS.  One hr or 3 hours after 

the H2O2 treatment, the AF signals of the cells were observed under a Leica confocal 

fluorescence microscope at the excitation wavelength of 488 nm and the emission 

wavelength between 500 to 530 nm. 

 

3. Hoechst staining 

The nuclei of HaCaT cells were stained with Hoechst 33342 Staining Solution 

for Live Cells (Beyotime, Jiangsu Province, China)  for 10 min.  After two washes 

with PBS, the cells were photographed under a Leica confocal fluorescence 

microscope.  The excitation wavelength was 350 nm and the emission wavelength 

was at the range between 450 to 470 nm.  

 

4.  Intracellular lactate dehydrogenase (LDH) assay 

As described previously (11), cell survival was quantified by measuring the 

intracellular LDH activity of the cells.   In brief, cells were lysed for 15 min in lysing 

buffer containing 0.04% Triton X-100, 2 mM HEPES and 0.01% bovine serum 

albumin (pH 7.5). Then 50 μL cell lysates were mixed with 150 μL 500 mM 
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potassium phosphate buffer (pH 7.5) containing 0.34 mM NADH and 2.5 mM sodium 

pyruvate. The A340nm changes were monitored over 90 sec. Percentage of cell 

survival was calculated by normalizing the LDH values of samples to LDH activity 

measured in the lysates of control (wash only) culture wells. 

 

5.  FACS-based Annexin V/7-AAD assay 

As described previously (10),  FACS-based Annexin V/7-AAD assay was 

performed to determine the levels of early-stage apoptosis, late-stage apoptosis and 

necrosis by using ApoScreen Annexin V kit 

(SouthernBiotech, Birmingham, AL, USA) according to the manufacturer’s protocol.   

In brief, cells were digested with 0.25% trypsin-EDTA, washed by cold PBS one time 

and resuspended in cold 1X binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 

2.5 mM CaCl2, 0.1% BSA) at concentrations between 1 × 106 and 1 × 107 cells/mL. 

Then 5 μL of labeled Annexin V was added into 100 μL of the cell suspension. After 

incubation on ice for 15 min, 200 μL 1X binding buffer and 5 μL 7-AAD solution 

were added into the cell suspensions. The number of stained cells was assessed 

immediately by a flow cytometer (FACSAria II, BD Biosciences). 

 

6.ATP assay 

As described previously (5), intracellular ATP levels were determined using an 

ATP Bioluminescence Assay Kit (Roche Applied Science, Mannheim, Germany) 

following the standard protocol provided by the vendor.  Briefly, the cells were lysed 

with the Cell Lysis Reagent on ice, and 50 μL of the lysates was mixed with 50 μL of 
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the Luciferase Reagent.  Then the chemiluminescence of the samples was measured 

by using a plate reader.  The ATP concentrations of the samples were calculated using 

ATP standard, and normalized to the protein concentrations of the samples, which 

were determined using the Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific, 

USA). 

 

7.Statistical analyses 

All data are presented as mean + SEM. Data were assessed by one-way 

ANOVA, followed by Student - Newman - Keuls post hoc test. P values less than 

0.05 were considered statistically significant 

 

Results 

We determined if oxidative stress may induce changes of the green AF of 

HaCaT cells that have been widely used for studies on oxidative damage of skin cells 

(1, 20).  We found that treatment of the cells with 0.1, 0.3, or 0.5 mM H2O2 for 15 

minutes led to obvious increases in green AF, assessed at 1 hr or 3 hrs after the H2O2 

exposures (Fig. 1A).  Quantifications of the AF indicate that H2O2 produced dose-

dependent increases in the AF (Fig. 1B).   By staining the nuclei of HaCaT cells by 

Hoechst 33342, we found that virtually none of the green AF was observed at the 
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nuclei, suggesting that the AF increases occur mainly at non-nuclear regions of the 

cells.   We also determined the effects of H2O2 on the green AF of BV2 microglia 

(Supplemental Fig. 1A and 1B) and PC 12 cells - a neuron-like cell line 

(Supplemental Fig. 1C and 1D), showing that H2O2 was incapable of affecting the 

green AF of these two cell types. 

We conducted FACS-based assay to determine the effects of H2O2 on the 

early-stage apoptosis, late-stage apoptosis and necrosis of HaCaT cells 18 hours after 

treatment of the cells with 0.1, 0.3, or 0.5 mM H2O2.  H2O2 led to increases in early-

stage apoptosis, late-stage apoptosis and necrosis of HaCaT cells (Fig. 3A).  

Quantifications of the results indicate that H2O2 dose-dependently induced significant 

increases both in early-stage apoptosis and total cell death - the sum of the cells in 

early-stage apoptosis, late-stage apoptosis and necrosis (Fig. 3B).  We further found 

that the H2O2-induced AF at 1 hr after the H2O2 exposures is highly positively 

correlated with the H2O2-induced increases in early-stage apoptosis (Fig. 3C), late-

stage apoptosis (Fig. 3D), necrosis (Fig. 3E) and total cell death (Fig. 3F), which was 

assessed at 18 hrs after the H2O2 exposures.  We also found that the H2O2-induced 

green AF at 1 hr after the H2O2 exposures is highly negatively correlated with the cell 

survival of H2O2-treated HaCaT cells (Supplemental Figs. 2A and 2B). 

We also determined the effects of H2O2 on the intracellular ATP levels of 

HaCaT cells 18 hours after H2O2 treatment.  H2O2 led to obvious decreases in the 

intracellular ATP levels (Fig. 4A). Quantifications of the results indicate that H2O2 

dose-dependently induced decreases in the intracellular ATP levels of the cells (Fig. 

4A).  The H2O2-induced AF at 1 hr after the H2O2 exposures is highly negatively 
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correlated with the intracellular ATP levels in the H2O2-treated cells assessed at 18 

hrs after the H2O2 exposures (Fig. 4B). 

 

Discussion 

The major findings of our study include: First, H2O2 can induce dose-

dependent increases in green AF of HaCaT keratinocytes at non-nuclear regions at 

both 1 and 3 hrs after H2O2 exposures; second, the H2O2-induced increases in the 

green AF of HaCaT cells at early stage of the H2O2 exposures are highly positively 

correlated with the H2O2-induced early-stage apoptosis, late-stage apoptosis, necrosis 

and total cell death of HaCaT cells at late stage of the H2O2 exposures; and third, the 

H2O2-induced increases in the green AF of HaCaT cells at early stage of H2O2 

exposures are highly negatively correlated with the intracellular ATP levels in the 

H2O2-treated HaCaT cells assessed at late stage of the H2O2 exposures. 

.          Our study has shown that H2O2 can induce dose-dependent increases in the 

green AF of HaCaT cells.  In contrast to previous reports that oxidative stress can lead 

to decreased green AF of NAD(P)H of rat hepatocytes (2), our current study shows 

that oxidative stress can induce increased green AF of HaCaT cells.  Our previous 

study has indicated that UV, a factor that can induce oxidative stress, induces 

increased green AF of mouse skin by producing cysteine protease-mediated 

degradation of keratin 1 (9).  Because HaCaT keratinocytes express keratin 1 (6,13), 

we propose that H2O2 may induce increased green AF of the cells by producing 

alterations of keratin 1.   Future studies are needed to test the validity of this proposal.  
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               Our study has also indicated that the H2O2-induced increases in the green AF 

in HaCaT cells at early stage of H2O2 exposures are highly positively correlated with 

H2O2-induced early-stage apoptosis, late-stage apoptosis, necrosis and total cell death.  

The H2O2-induced increases in the green AF are also highly negatively correlated 

with the intracellular ATP levels of HaCaT cells at late stage of H2O2 exposures.  

Therefore, our study has suggested that the H2O2-induced increases in the green AF 

could become the first endogenous marker for predicting oxidative  cell death and loss 

of intracellular ATP levels of such cell types as HaCaT cells.   

Because oxidative stress plays critical roles in numerous diseases and cell death 

under many situations, our AF-based method for predicting oxidative damage of 

HaCaT cells may have significant applications for studying oxidative damage of 

keratinocytes: For studying the effects of certain drugs or other factors on oxidative 

stress in HaCaT cells, our method can rapidly determine if the factors can change 

oxidative stress-induced cell death with much higher efficiency and lower cost, 

compared with traditional approaches.  Because HaCaT is a widely used keratinocyte 

cell line, our study has provided a novel and efficient approach for studying oxidative 

damage of keratinocyte.  

Our study has indicated that hydrogen peroxide can induce the increases in 

green AF selectively in such cell types as HaCaT cells, but not in the other cell types 

tested in our study, including PC12 cells and BV2 microglia. The mechanisms 

underlying these observations require future investigation.  Future studies are also 

needed to determine which types of cells also possess the property that oxidative 

stress can induce increases in the green AF of the cells.  
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Figure Legends 

Figure 1. H2O2 induced increases in the green AF of HaCaT cell. (A) Treatment of 

HaCaT cells with H2O2 led to increases in the AF of HaCaT cells. HaCaT cells were 

treated by 0.1, 0.3, or 0.5 mM H2O2 for 15 mins. The green AF of the cells was 

determined under a confocal microscope at 1 hr or 3 hrs after the H2O2 exposures.  

The exciting wavelength was 488 nm and the emission wavelength was at the range 

between 500 and 530 nm. (B) Quantifications of the AF show that H2O2 dose-

dependently induced significant increases in the AF.  N = 9.  Data were collected 

from three independent experiments.  *p < 0.05; ***p < 0.001. 

 

Figure 2. H2O2 induced increases in the AF at the non-nuclear regions of HaCaT 

cells.  After the nuclei of H2O2-treated HaCaT cells were stained with Hoechst 33342 

for 10 min, the cells were examined under a confocal fluorescence microscope.  For 

determining the fluorescence of Hoechst 33342, the exciting wavelength was 350 nm 

and the emission wavelength was at the range between 450 - 470 nm. For determining 

the green AF, the exciting wavelength was 488 nm and the emission wavelength was 

at the range between 500 and 530 nm.  

 

Figure 3. H2O2-induced green AF at 1 hr after H2O2 exposures is highly 

positively correlated with the H2O2-induced early-stage apoptotic cell death, late-

stage apoptotic cell death, necrosis and total cell death at 18 hrs after H2O2 

exposures.  (A) FACS-based assay showed that treatment of HaCaT cells with H2O2 

led to obvious increases in cell death of HaCaT cells at 18 hours after H2O2 treatment.  
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(B) Quantifications of the cell death have indicated that H2O2 induced significant 

increases in both early-stage apoptosis and total cell death - the sum of early-stage 

apoptosis, late-stage apoptosis and necrosis.  N = 9. Data were collected from three 

independent experiments. *p < 0.05; ***p < 0.001.  (C) The H2O2-induced green AF 

at 1 hr after H2O2 exposures is highly positively correlated with the H2O2-induced 

early-stage apoptotic cell death at 18 hrs after H2O2 exposures.  (D) The H2O2-

induced green AF at 1 hr after H2O2 exposures is highly positively correlated with the 

H2O2-induced late-stage apoptotic cell death at 18 hrs after H2O2 exposures.   (E) The 

H2O2-induced green AF at 1 hr after H2O2 exposures is highly positively correlated 

with the H2O2-induced necrosis at 18 hrs after H2O2 exposures.   (F) The H2O2-

induced green AF at 1 hr after H2O2 exposures is highly positively correlated with the 

H2O2-induced total cell death at 18 hrs after H2O2 exposures.    

 

Figure 4. H2O2-induced AF at 1 hr after H2O2 exposures is highly negatively 

correlated with the intracellular ATP levels of H2O2-treated HaCaT cells at 18 

hrs after H2O2 exposures.   (A) FACS-based assay showed that treatment of HaCaT 

cells with H2O2 led to obvious decreases in the intracellular ATP levels at 18 hrs after 

H2O2 treatment.  N = 9.  Data were collected from three independent experiments. *p 

< 0.05; ***p < 0.001.  (B)  H2O2-induced AF at 1 hr after H2O2 exposures is highly 

negatively correlated with the intracellular ATP levels of H2O2-treated HaCaT cells at 

18 hrs after H2O2 exposures.    
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Supplemental Figures: 

Supplemental Figure 1.  H2O2 did not affect the green AF of BV2 microglia and 

PC12 cells. (A) Treatment of BV2 microglia with H2O2 did not change the AF of the 

cells. BV2 microglia were treated by 0.1, 0.3, or 0.5 mM H2O2 for 15 mins. The green 

AF of the cells was determined under a confocal microscope at 1 hr or 3 hrs after the 

H2O2 exposures.  The exciting wavelength was 488 nm and the emission wavelength 

was at the range between 500 and 530 nm. (B) Quantifications of the AF show that 

H2O2 H2O2 did not affect the green AF of BV2 microglia.   N = 6.  Data were 

collected from two independent experiments.  (C) Treatment of PC12 cells with H2O2 

did not change the AF of the cells. PC12 cells were treated by 0.1, 0.3, or 0.5 mM 

H2O2 for 15 mins. The green AF of the cells was determined under a confocal 

microscope at 1 hr or 3 hrs after the H2O2 exposures.  The exciting wavelength was 

488 nm and the emission wavelength was at the range between 500 and 530 nm. (D) 

Quantifications of the AF show that H2O2 did not affect the green AF of PC12 cells.   

N = 6.  Data were collected from two independent experiments.   

 

Supplemental Figure 2. H2O2-induced AF at 1 hr after H2O2 exposures is highly 

negatively correlated with the cell survival of H2O2-treated HaCaT cells at 18 hrs 

after H2O2 exposures.   (A) Intracellular LDH assay showed that treatment of HaCaT 

cells with H2O2 led to obvious decreases in cell survival at 18 hours after H2O2 

treatment.  N = 9. Data were collected from three independent experiments. *p < 0.05; 

***p < 0.001.  (B) H2O2-induced AF at 1 hr after H2O2 exposures is highly negatively 

correlated with the cell survival of H2O2-treated HaCaT cells at 18 hrs after H2O2 

exposures.  
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