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Abstract: Adenine phosphoribosyltransferase (APRT) is the key enzyme in purine salvage by 

the incorporation of adenine and phosphoribosyl pyrophosphate to provide adenylate nucleotide. 

The up-regulated APRT found in wound skin correlated with the demands of repair in diabetic 

mice. Administration of adenine on the wound of diabetic mice exhibited elevated ATP levels in 

organismic skin and accelerated wound healing. In vitro studies showed that APRT utilized 

adenine to rescue cellular ATP levels and proliferation against hydrogen peroxide-induced 

oxidative damage. LC-MS/MS-based analysis of total adenylate nucleotides in NIH-3T3 

fibroblast showed that adenine addition enlarged the cellular adenylate pool, reduced the 

adenylate energy charge, and provided more AMP for the generation of ATP in further. These 

data indicated the role of APRT during diabetic wound healing by regulating the nucleotide pool 

after injury and demonstrated the improvement by topical adenine, which highlights its value as 

a promising agent in therapeutic intervention. Our study provided an explanation for the up-

regulation of APRT in tissue repair and adenine supplement resulted in an enlargement of the 

adenylate pool for ATP generation. 
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Introduction 

The purine salvage pathway appears primarily in extrahepatic tissues (Bhagavan & Ha, 2011) 

and normally activates after wounding (Murray, 1971). The re-utilization of purine base requires 

less energy than de novo synthesis, accounting for 90% of daily purine nucleotide biosynthesis. 

Adenine phosphoribosyl transferase (APRT), which is the key enzyme in the salvage pathway 

for purine biosynthesis and is widely distributed throughout various organs of mammals 

(Murray, 1971). APRT catalyzes the synthesis of adenosine monophosphate (AMP) from 

adenine and the ribose derivative 5’-phosphoribosyl-1-pyrophosphate (Thimm, Schiedel et al., 

2015). In cutaneous wound healing, both APRT and its anabolite AMP increase in the wounding 

site (Gassmann, Stanzel et al., 1999, Rossomando & Bertolami, 1983). Hence, the up-regulation 

of APRT might be for the supplement of adenylate nucleotides, which serve as energy donors for 

wound repair. However, the role of APRT in purine metabolism on the chronic wound, such as 

diabetic wound, remains poorly understood.  

Tissue injury elevates the cellular energy demand and triggers quiescent cells to re-enter the cell 

cycle (Im & Hoopes, 1970a, Vande Berg & Robson, 2003). Physiologically, wound healing 

requires considerable events for cooperation and involves numerous cells, growth factors, 

cytokines, and enzymes (Falanga, 2005). These processes require extra energy expenditure, 

mainly in the form of ATP (Im & Hoopes, 1970a). In chronic wounds, tissue hypoxia results in 

energy supply deletion and oxidative damage, which is the cause of the chronic non-healing 

wounds (Cano Sanchez, Lancel et al., 2018). Therefore, lots of wound managements show that 

antioxidant strategies or direct energy supply by exogenous ATP-liposome accelerates diabetic 

wound healing through elevating the cellular ATP levels (Howard, Sarojini et al., 2014). 

However, the only one drug approved by FDA for the treatment of diabetic wound is associated 
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with the risk of cancer mortality and expensive concerns (Papanas & Maltezos, 2010). This 

highlighted the medical need for diabetic wound drugs to improve the quality of life with 

reduced treatment costs. 

AMP-activated protein kinase (AMPK) modulating energy metabolism may potentially target the 

strong association between cellular energy supply and various diseases, such as diabetes, cancer, 

and cardiovascular disease (Hardie, 2015, Lin, Chen et al., 2014). Exogenous adenine has shown 

the potential to modulate the cellular activity of AMPK via APRT anabolism (Leu, Chiang et al., 

2017, Young, Lin et al., 2015). In normal condition, the intracellular concentration of the adenine 

base is low when compared with other bases and nucleosides (Traut, 1994). We know that the 

only cellular source of free adenine base is derived from the by-product of the polyamine 

biosynthesis pathway (Kamatani & Carson, 1981) and is predominantly metabolized by APRT to 

yield AMP as the product (Murray, 1971). The application of adenine had been utilized in 

preserving tissue and blood transfusion products by cellular ATP replenishment (Foker, 1988, 

Frenguelli, 2017). Reasonably, the improvement of energy production by adenine supplement is 

beneficial for cells to overcome the energy threshold (Wang, Wan et al., 2010).  

This study aims to investigate the role of APRT during skin wound repair. Tissue repair requires 

energy; thus, we provided a method to replenish cellular ATP levels to accelerate diabetic wound 

healing.  
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Results  

Skin wound healing stimulated the expression of APRT in mice 

To clarify the role of APRT on wound repair duration, we first used a full-thickness excisional 

wound model in both wild-type mice (C57BL/6) and diabetic (db/db) mice. The wound areas 

were recorded using a digital camera daily, as shown in Figure 1A. The overall closure time in 

wild-type mice was more rapid than that in diabetic mice. Most of the wounds in wild-type mice 

were closed after 13 days, whereas as those in diabetic mice would completely close nearly 

double time with the same area size. The average of wound closure time in diabetic mice was 

21.9 ± 1.3 days. Western blot analysis of wild-type mice shown in Supplemental Figure 1 

revealed that the APRT protein levels in a wounded skin exhibited a maximum increase on day 3 

after wounding compare with those in an unwounded skin as control (1.4 ± 0.2 vs. 0.5 ± 0.1, P < 

0.05). However, on day10, the APRT protein levels in a wounded skin after wounding from 

wild-type mice, the levels of APRT protein in the wound region subsequently declined. 

Conversely, in diabetic mice, the APRT protein levels in a wounded skin sequentially increase 

after wounding compared with those control skin, and the expression of APRT protein still up-

regulated in the closed diabetic wounds compared to control skin (day 20: 0.9 ± 0.1 vs. 0.3 ± 0.1, 

P < 0.05), as shown in Figure 1B and 1C. Immunohistological staining of a diabetic mouse skin 

showed that the APRT predominantly elevated in the epidermal layer of the wounded skin, 

especially in dermal fibroblasts and keratinocytes (Figure 1D). 

Adenine administration accelerated diabetic wound healing  

Given that APRT elevation in a wounded skin may reflect the nucleotide demand for wound 

repair, we speculated that exogenous adenine as an APRT substrate in the severe wound could 

benefit for tissue repair, particularly in a diabetic wound. To minimize wound contraction, we 
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employed a silicone-splinted excisional wound model to calculate the residual wound area and 

captured representative photographs daily after wounding (Figure 2A). Prior to these 

experiments, several adenine concentrations were pre-examined, and daily administration of 

0.05% adenine on a topical wound revealed the best efficiency for diabetic wound healing (data 

not shown). Figure 2B illustrates a significant decrease in terms of average wound area in 

adenine-treated wounds in comparison with that in the vehicle groups from day 6 after wounding 

(*, P < 0.05). The average unhealed wound area was 48.2% ± 5.3% of the initial wound area in 

the adenine-treated group, whereas 65.2% ± 5.5% was obtained in the vehicle group on day 6 

after wounding. On average, it took 18.3 ± 1.0 days for adenine-treated wounds to close 

completely in contrast with 21.9 ± 1.3 days for vehicle groups (Figure 2C).  

Re-epithelialization, granulation and collagen deposition are early markers of wound healing 

(Pastar, Stojadinovic et al., 2014). In Figure 2D, the histologic assessment of diabetic wounds 

confirmed that adenine treatment promoted those markers by Masson’s trichrome staining. The 

area size of adenine-treated wounds significantly decreased, as reflected by reduced epithelial 

gaps at day 7, 10, and 15 after wounding (Figure 2E, up-panel). By quantitative measurement, 

adenine treatment significantly promoted the formation of granulation tissue (Figure 2E, bottom 

panel), which was significantly larger and thicker than that of the vehicle.  

The APRT protein levels on the diabetic wound skin at day 20 were quantified by Western blot 

analysis, and the ATP levels in wounded tissues were then measured. In Figure 2F, the APRT 

remained elevated compared with the unwounded skin (control skin). Interestingly, the elevation 

of APRT in the wounded skin from the adenine group was less than the vehicle group. Figure 2B 

and 2F showed that the APRT level correlated inversely with the recovery of wound healing in 

diabetic mice. Furthermore, the determination of ATP levels in the wounded skin showed that 
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the adenine group had elevated ATP levels by 1.3 ± 0.1-fold in the tissue compared with the 

vehicle group (Figure 2G).  

Effects of exogenous adenine on cellular adenylate nucleotide pool 

Considering that the fibroblast is the major repair cell in wounded skin (Andreea, Marieta et al., 

2008), we used mouse NIH-3T3 fibroblasts as a model to quantify the dynamic conversion 

among adenylate nucleotides (AMP, ADP, and ATP) by HPLC-ESI-MS/MS after adenine 

treatment.  

NIH-3T3 fibroblasts exposed to serial concentrations of adenine resulted in a substantial increase 

of adenylate nucleotides in a time/dose-dependent manner (Table 1). Importantly, the cellular 

AMP, not the ADP and ATP, was first elevated after 10 min of adenine incubation (*, P < 0.05) 

compared with that in control, and the elevation continued until the end of the study for 180 min. 

Meanwhile, the delayed elevations of ADP (&, P < 0.05) and ATP ($, P < 0.05) compared with 

those in the control group were predominantly present in 30 and 60 min, respectively. Thus, the 

first product of adenylate nucleotide after adenine addition is AMP. 

Figure 4A depicts the timely changes of the total adenine nucleotide (AMP + ADP + ATP) levels 

in NIH-3T3 fibroblasts exposed to serial adenine concentrations. The total adenylate nucleotide 

from the control group increased progressively in a time/dose-dependent manner. After exposure 

for 180 min, despite a minor increase in ADP levels, the total adenine nucleotide slightly 

decrease than that exposure for 60 min.  

To explore the response of the cellular energy state, we calculated the adenylate energy charge 

(AEC) values at each point. As defined by Atkinson and Walton (Atkinson, 1968), AEC 

represents the cellular energy status by the calculation of ([ATP] + 0.5[ADP])/([ATP] + [ADP] + 
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[AMP]). In vitro studies showed that the AEC values stabilize in the range of 0.75-0.95 in 

normal cells, as predicted from kinetic studies. Values close to 1 indicate a health status, whereas 

values below 0.5 indicate the lack of energy in cells. Figure 4B shows that the AEC level values 

dropped from 0.77 ± 0.02 for the control cells to 0.71 ± 0.02 for the cells treated with low- dose 

adenine at 5 mol after 10 min of treatment (P < 0.05); this phenomenon could be reversed to the 

control cellular level after 180 min. However, after exposing the cells to high-dose adenine 

greater or equal to 50 mol for 180 min, the dramatic decline of the AEC level would be 

irreversible. 

Despite the elevation of total adenylate nucleotides after adenine treatment, the increasing 

amplitude among AMP, ADP, and ATP compared with that in the control group at each time 

point was quite different. The AMP / ATP ratio is more functionally important than the absolute 

concentration of ATP, for instance, the regulation of AMPK activity (Hardie, 2004). Figure 4C 

illustrates that the AMP/ATP ratio increased immediately after adenine exposure for 10 min. 

Among the different doses of adenine groups, the low-dose adenine groups at 5 and 10 mol 

gradually decreased back to the control levels following exposure for 180 min, but the high- dose 

adenine groups at 50, 100, and 500 mol remained elevated continually. Interestingly, the AMP / 

ATP ratio showed a complementary distribution with the AEC value during the measurement. 

APRT mediated the cellular ATP levels to prevent H2O2 damage  

The pathology of diabetic wound repair results from the overproduction of reactive oxygen 

species (ROS), leading to mitochondrial dysfunction and delaying the healing phase (Nouvong, 

Ambrus et al., 2016). To elucidate the role of APRT under the diabetic environment, we selected 

the haploid leukemia cell line HAP1 (Carette, Raaben et al., 2011) because it was available as an 

APRT-knockout cell line. Figure 5A shows that adenine elevated the cellular ATP levels of 
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HAP1 cells in dose dependently. The expression of APRT protein was confirmed by Western 

blot, and Figure 5B reveals that APRT protein was absent in koAPRT HAP1 cells. Moreover, 

ATP analysis demonstrated that exogenous adenine-induced ATP elevation was absent in 

koAPRT HAP1 cells (Figure 5C). These data match the illustrating schema shown in Figure 3 in 

which adenine elevated cellular ATP is mediated by APRT. Hydrogen peroxide allowed the 

oxidative stress to mimic the diabetic condition, and the administration of 500 mol adenine 

significantly reduced the hydrogen peroxide-induced decline of cellular ATP in wild-type cells; 

however, the effect of adenine was absent in koAPRT HAP1 cell lines. Therefore, APRT 

mediated exogenous adenine-induced ATP elevation against oxidative stress by introducing 

hydrogen peroxide.  

Adenine elevated the ATP level and accelerated the cell migrations  

Fibroblasts and keratinocytes are the main cell types that play essential roles in wound healing 

(Mansbridge, Liu et al., 1999). In the presence of wounds, fibroblasts migrate to the wound site, 

and keratinocytes proliferate to reform the epidermis to seal the wound. Here, we tested the 

effect of adenine on cell migration in NIH-3T3 fibroblasts and NHEK, individually. In NIH-3T3 

fibroblasts, Figure 6A shows that adenine promoted ATP generation compared with the control 

dose dependently. The representative images from Boyden chamber assay (Jin, Xiao et al., 2015) 

revealed that the migratory number of adenine-treated cells also increased exponentially in a 

vertical orientation compared with that of the control group (135 ± 15 cells/HPF in 500 mol 

adenine vs. 40 ± 5 cells/HPF in the control group, P < 0.05, Figure 6B). Similarly, adenine 

elevated the cellular ATP and accelerated the cellular re-epithelization in NHEK cells by a 

horizontal migration assay (Figure 7). The average healed area for NHEK cells compared with 
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the initial areas at 48 h was 65.6% ± 4.5% in the adenine-treated group, whereas I the control 

group, it was 35.2% ± 3.6% (Figure 7B).   
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Discussion  

Wound healing requires energy for the proliferation, migration, and remodeling of cells by 

fibroblasts and keratinocytes to close the wound in the epidermal layers of the skin (Wojtowicz, 

Oliveira et al., 2014). The proliferating epithelial cells and fibroblasts, as well as the wounded 

skin, primarily depend on the glycolytic pathway for energy requirement (Im & Hoopes, 1970b). 

However, in the wound of patients with diabetes, cellular injury and ischemia can lead to a 

decline in the levels of energetic metabolites, including ATP and phosphocreatine. These 

concentrations of energy metabolites in the wounds of patients with diabetes were significantly 

lower than those of normal patients (Smith, Mills et al., 1999). Given that energy is required for 

every aspect of the wound healing process, many strategies sustain the cellular ATP level by 

encapsulated ATP or blocked ATP loss would be developed as medications for morphogenetically 

active wound-healing formulations (Muller, Wang et al., 2017, Sarojini, Billeter et al., 2017).  

The cellular nucleotide level was under strict control in normal conditions (Wang, Wang et al., 

2016); once a tissue sustains injury, enzymes involved in either salvage or de novo pathway were 

up-regulated for nucleotide production (Im & Hoopes, 1970a). In contrast to de novo nucleotide 

biosynthesis, the salvage pathway is extremely favorable for cells. The salvage pathway is 

mainly activated through growth factors, including keratinocyte growth factor and epidermal 

growth factor (Lanahan, Williams et al., 1992), by positively regulating the nucleotide 

production to facilitate wound healing (Gassmann et al., 1999). Our results revealed that APRT 

was up-regulated in cutaneous wound healing both in wild-type and diabetic mice. Interestingly, 

Western analysis from diabetic mice showed that the elevated APRT protein in the control group 

seemed slightly higher than that in the adenine-treated group (Figure 2F). Hence, the amplitude 

of APRT expression might correlate with the demands of adenylate nucleotides on the duration 
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of wound repair. Considering that the rate of wound closure in the control group was slower than 

that in the adenine group (Figure 2B), the demand of APRT was higher in the control group for 

the accelerating wound repair.  

Logically, APRT-mediated purine salvage is a process of energy consumption, including the 

synthesis of AMP and the interconversion of adenylate nucleotides by adenylate kinase (Figure 

3)(Cheng, Young et al., 2016, Cheng, Young et al., 2015, Young & Chen, 2015, Young et al., 

2015). Previous studies investigated the effect of adenine to measure the ATP solely, and rarely 

applied the concept of energy charge to distinguish from the changes among adenylate 

nucleotides. In this study, we quantified the time course of adenylate nucleotides in NIH-3T3 

fibroblasts. Our result showed that the AMP increased immediately by exogenous adenine 

addition in 10 min, followed by ADP and then ATP (Table 1). This phenomenon exhibited the 

role of APRT-mediated purine salvage, especially elevated the amplitude of AMP and reduced 

the AEC, indicating that the energy status of cells was low by adenine addition. However, this 

phenomenon is contradictory to extensive experiment studies, in which adenine elevated the 

cellular ATP levels both in vivo and in vitro. In this study, our data explained that exogenous 

adenine could enlarge the cellular adenylate nucleotide pool (AMP + ADP + ATP). Despite the 

increasing amplitude of ATP is less than AMP, the total ATP after adenine treatment was also 

significantly increase compare with control. Furthermore, the amplitude of increase AMP made 

the decrease of AEC, which represent the low energy status in the cell. The phenomenon may 

triggered the catabolic ATP-producing pathways, such AMPK activation to promote glucose 

sparing and oxidative metabolism (Supplemental Figure 2). 

The ATP molecule released from an injured tissue may act as a signal to affect cellular responses, 

thereby accelerate wound healing (Yin, Xu et al., 2007). However, the extracellular ATP that 
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triggered purinergic receptor signaling is differing from adenine, even though both of them 

mediated through an ATP molecule. The ATP molecule carries four negative charges; thus, 

exogenous ATP cannot pass through the cell membrane directly. As for adenine, which is water 

soluble and can transport across the cell membranes or bind to highly specific receptor proteins 

into the cytoplasm (Cartier, 1980). Adenine, as one of the main substrates used for storing of 

RBCs in a blood bag (Mazor, Dvilansky et al., 1994, Paglia, Sigurjonsson et al., 2016), and the 

synthesis of nucleotides in RBC occurs only through the salvage pathway (Baranowska-Bosiacka, 

Dziedziejko et al., 2009). Our study has utilized the characteristic of APRT to convert adenine 

into AMP and enlarge the cellular adenylate nucleotide pool.   

Previously, we demonstrated a link between adenine and AMPK in many cell models, and the 

underlying mechanism may be via APRT anabolism to increase the cellular AMP level to active 

AMPK, subsequently enhancing ATP generation (Cheng et al., 2015, Young & Chen, 2015, 

Young et al., 2015). In fact, topical adenine could also slightly elevate the phosphorylation of 

AMPK in the wound of diabetic mice compare with vehicle group (Supplementary Figure 2). 

Those data provided an evidence in vivo that adenine may accelerate diabetic wound healing 

through the AMPK signaling pathway. 

On the other hand, ROS arousing to oxidative stress is a critical issue in the pathogenesis of 

chronic wounds. The effect of hydrogen peroxide in mammalian cells accompanied by a marked 

reduction of the ATP level and AEC through the glyceraldehyde-3-phosphate dehydrogenase 

inhibition (Lelli, Becks et al., 1998, Stuart & Holmsen, 1977). Our data showed that ATP level 

reduction by hydrogen peroxide reversed by adenine and markedly prolonged cell viability. The 

underlying mechanism is via the APRT-mediated purine salvage to reduce the impairment of 

hydrogen peroxide in ATP levels and cell viability.  
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Taken together, our data indicated the role of APRT during diabetic wound healing by regulating 

the nucleotide pool after tissue injury and demonstrated the improvement by topical adenine, 

which highlights its value as a promising agent in therapeutic intervention. This study provides 

an explanation for the up-regulation of APRT in tissues and adenine supplementation that 

resulted in an enlargement of the adenylate nucleotides for ATP generation. 
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Materials and Methods 

Reagents  

Adenine was purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified 

Eagle’s medium (DMEM), trypsin, penicillin-streptomycin, and Newborn calf serum (NBCS) 

were from Invitrogen
TM

 (Carlsbad, CA, USA). 

Cell culture. Mouse NIH-3T3 fibroblasts were prepared as described previously (Young et al., 

2015). Cells were maintained in culture flasks containing growth medium (DMEM with 1.5 g/L 

sodium bicarbonate, 100 U/mL penicillin-streptomycin and 10% FBS) at 37°C in a 100% 

humidified atmosphere with 5% CO2 (Young et al., 2015). HAP1 knockout cell lines were 

generated by Horizon Discovery (Cambridge, UK) (Essletzbichler, Konopka et al., 2014).  

Preparation of working standard solutions  

To study the effect of exogenous adenine in cellular adenylate balance, 1 x 10
5
 NIH-3T3 

fibroblasts exposed to medium containing different concentrations of adenine were cultured in 24 

well plates for the indicated time. After removal of the supernatant medium, 1 mL of 50% ACN 

containing 50 ppb fludarabine phosphate was used as an internal standard (IS) to add to the cells. 

The cell lysate was transferred to a microcentrifuge tube and was centrifuged at 12,000 rpm for 

10 minutes at 4℃ to remove the pellet. The supernatant was collected, lyophilized, and stored at 

-80℃ until used. 

Instrumental and analytical conditions  

The analysis of adenine and its derivative metabolites was achieved by an Agilent HPLC 1200 

series system (Agilent, USA) coupled with an API 4000 triple quadrupole mass spectrometer 

(Applied Biosystems, MDS Sciex, Canada). The API 4000 triple quadrupole mass spectrometer 
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is equipped with a Turbo V ion source with electrospray ionization (ESI) and was operated in 

negative ion mode. Multiple reactions monitoring (MRM) mode was applied for the 

quantification of analytes. The compound dependent parameters for each MRM transition of 

analytes are given in Supplement Table.1 and the data was collected using the Analyst 1.6.2 

Software (AB Sciex). 

Measurement of intracellular ATP  

The cellular ATP levels were quantified in 100 μL ATP assay buffer or from 20-30 mg wound 

skin harvested in 200 μL assay buffer and lysed with the bead shocker following the 

manufacturer’s instructions (CellTiter-Glo luminescent ATP assay kit, Promega, Madison). The 

protein content from identical treated cells or tissues were determined by BCA Protein Assay kit 

for normalization (Young, Huang et al., 2014). 

Vertical migration of NIH-3T3 fibroblasts  

Cell migration was assessed using a modified Boyden chamber (8 μm pores; Transwell, Corning, 

Massachusetts)(Wu, Young et al., 2013). NIH-3T3 fibroblasts in 100 μL serum-free DMEM 

were plated into the upper chamber at 2.5 × 10
5
 cells/well, while the lower champer contained 30 

μL DMEM including 10% FBS. Chambers were incubated at 37℃  for 18 hours. After 

incubation, the migrated cells on the lower surface of the membrane were fixed, stained, and 

quantified with the image J software. 

Horizontal migration of normal human epithelial keratinocytes (NHEK)  

The migration of NHEKs were real time monitored using Oris™ cell migration assay system 

(Gough, Hulkower et al., 2011).  NHEKs labelled with CMFDA were plated in the wells of a 96-

well Oris™ plate. After a 24 hour attachment period, a void was created by removing stoppers 
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from all test wells. For pre-migration controls, stoppers remained in wells until assay readout. 

Cells migration were quantified by measurement of the void area by digital camera. 

Animal and wound model  

All experimental procedures were approved by the Institutional Animal Care and use Committee 

of the University of Fu-Jen Catholic University. Eight-week-old male wild-type (C57BL/6) and 

diabetic (BKS Cg-Dock7m
+/+

 Leprdb/JNar1) mice were purchased from the National Laboratory 

Animal Center (Taipei, Taiwan). Mice was anaesthetized (i.p. injection) using a combination of 

Zoletil 50®, Rompun® and saline (a ratio of 1:1:2, respectively). Before surgery, the hair was 

shaved from the dorsal surface of mice. Single full-thickness excisional skin wound was created 

on mice by using an 8 mm diameter biopsy punch, and the excised skin tissues were used as 

control. A donut-shape silicone splint was stitched around the wound with an immediate-bonding 

adhesive (Dunn, Prosser et al., 2013) and the wound areas were topically applied with 20 μL 

hydrogel daily. After drug administration, a semi-occlusive dressing (Tegaderm, 3M, St. Paul, 

MN, USA) was applied to cover the wound and splint. Images of wound were acquired daily 

with a digital camera. Time to wound closure was defined as the time needed for the wound bed 

to be completely re-epithelialized. At the day that mice were sacrificed, the wound skin samples 

were harvested using a 8-mm biopsy punch. 

Histological analysis  

Mouse skin tissues containing wound area were fixed in 10% formaldehyde for paraffin 

embedding. The sections of paraffin-embedded tissue were stained with Masson’s trichrome 

stain kit (ScyTek Laboratories). For immunohistochemical staining, a non-biotin-amplified kit 

(Novolink, Novocastra Laboratories) was used according to the manufacturer’s instruction 
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(Young et al., 2014). Sections were washed and incubated for 1 hour in the presence of 

appropriate secondary antibodies. Image analysis was obtained using a Nikon digital system. 

Cell viability assay  

Cell viability was determined by the cell counting kit-8 (CCK-8) (Dojindo Molecular 

Technologies, Kumamoto, Japan). Briefly, 10,000 cells were plated in 96-well plates overnight. 

After drug treatment, CCK-8 reagent added into the plate and incubated in CO2 incubator at 

37°C for additional 2 hours (Young, Tang et al., 2019). The absorbance was measured at 450 nm 

using a microplate reader. 

Protein extraction and western blot  

Cell lysates were prepared as described previously (Young et al., 2014). In brief, cells were 

dissolved in RIPA buffer containing a protease inhibitor cocktail (Roche Applied Science, 

Indianapolis, IS, USA) were quantitated using the BCA protein assay kit (Energenesis-

Biomedical, Taipei, TW)(Young, Chen et al., 2006). Mouse skin tissue was homogenized in T-

PER Tissue Protein Extraction Reagent (Thermo Fisher Scientific) plus a protease inhibitor 

cocktail (Roche Applied Science, Indianapolis, IS, USA) using a cooled bead shocker SpeedMill 

(AnalytikJena, Jena, Germany). Equal amount of protein was separated by SDS-PAGE, and 

transfer to PVDF membranes (Millipore, Billerica, MA, USA). Membranes were blocked with 

5% bovine serum albumin (BSA) in PBS and incubated with anti-APRT antibody or an anti-β-

Actin antibody (Cell Signaling Technology, USA) at 4°C overnight followed by the 

corresponding secondary antibody for 1 hr at room temperature. Immunoreactive bands were 

incubated with LumiFlash Prime Chemiluminescent substrate and recorded with a Chemlux 

SPX-600 Series Imaging Systems (Energenesis-Biomedical, Taipei, TW)(Sun, Young et al., 

2015). The detected signals were quantified using ImageJ software (http://image.nih.gov/ij/). 
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Statistical analysis  

Experimental results are expressed as the mean±SEM, and comparisons between the data sets 

were performed by non-parametric Mann Whitney U or Kruskall Wallis tests (SPSS & GraphPad 

Prism 6; GraphPad Software, La Jolla, CA). Statistical difference was considered to be 

significant when P<0.05.  

Supplementary Materials 

Fig. S1. The expression of APRT during cutaneous wound repair in wild-type mice.  

Fig. S2. The change of AMPK phosphorylation during diabetic wound healing 
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Figures:  

Fig. 1. Expression of adenine phosphoribosyltransferase (APRT) during cutaneous wound 

repair in diabetic mice. Wild-type mice and diabetic mice were wounded as described in 

the materials and methods section. (A) Change of wound area on the duration of wound 

healing. (B) Representative Western blots for APRT in the diabetic mice skin at an 

indicated time point; β-actin was used as loading control. (C) Quantitation of the intensity 

of Western blots for APRT. Data were expressed as mean ± SEM, N ≥ 5. *, P < 0.05; 

N.S., not-significant. (D) APRT expression in the epidermal skin of wild-type and 

diabetic mice. Histological sections were stained by immunohistochemistry with anti-

APRT antibodies and were counterstained with hematoxylin. Scale bars, 500 μm.  

 

Fig. 2. Diabetic wound healing following topical application of adenine. (A) Representative 

images of wounds in diabetic mice at different times after treatment. (B) Change of 

wound area on the duration of wound healing. (C) Comparison of wound healing 

completion time between the control and adenine group. (D) Cross sections of incised 

wounds were subjected to Masson's trichrome staining. (E) Measurements of epithelial 

gaps and granulation tissue area in the wound. Data were expressed as mean ± SEM. *P < 

0.05 vs. vehicle, N = 5. (F) Representative Western blots and quantification for APRT in 

the diabetic mice skin at day 20. β-Actin was used as loading control. (G) Relative ATP 

levels in diabetic wounds at day 20 post-injury. Data were expressed as mean ± SEM. *, 

P < 0.05; **, P < 0.01 vs. vehicle, N ≥ 5. 
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Fig. 3. Schema illustrating the APRT-mediated salvage pathways for adenylate nucleotide 

conversion. 

 

Fig. 4. Adenine supplement enlarged the cellular adenylate pool in NIH-3T3 fibroblasts. 

Time course of the (A) total adenine nucleotide concentrations, (B) AMP / ATP ratio, and 

(C) adenylate energy charge response to adenine supplementation. Absolute 

concentrations of adenylate nucleotides exposed to different amounts of isotope-labeled 

adenine as monitored by MRM methods; N = 4. Data were presented as mean ± SEM. 

Fig. 5. APRT mediated the elevation of cellular ATP levels to prevent hydrogen peroxide-

induced oxidative damage in HAP1 cells. (A) Exposure of adenine increased the 

cellular ATP in a dose-dependent manner. (B) Representative Western immunoblots for 

APRT in wild-type and APRT knockout HAP1 cells; β-actin was used as loading control. 

(C) APRT mediated ATP elevation reduced the impact of ATP decline under hydrogen 

peroxide treatment. (D) Adenine protected the hydrogen peroxide-induced cell damage 

by CCK8 measurements. Data were expressed as mean ± SEM. *P < 0.05 vs. vehicle, 

N=5.  

Fig. 6. Effects of exogenous adenine on the vertical migration of NIH-3T3 fibroblasts. (A) 

Exposure of adenine increased the cellular ATP levels in a dose-dependent manner in 

mouse NIH-3T3 fibroblasts. (B) Transmigration assay by Boyden chambers for NIH-3T3 

fibroblasts under adenine exposure. Data were expressed as mean ± SEM. *, P < 0.05; **, 

P < 0.01 vs. control group. 
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Fig. 7. Effects of exogenous adenine on the horizontal migration of normal human 

epithelial keratinocytes (NHEK). (A) Exposure of adenine increased the cellular ATP 

levels in a dose-dependent manner in NHEK cells. (B) Oris cell migration assay for 

NHEK cells. Data were expressed as mean ± SEM. *, P < 0.05; **, P < 0.01 vs. control 

group. 

Table 1. Time course of the adenylate nucleotide response to adenine supplementation in 

NIH-3T3 fibroblasts. Absolute concentrations of adenylate nucleotides exposed to 

different amounts of adenine, as monitored by MRM methods; N = 4. Data were 

presented as mean ± SEM. *, P < 0.05; 
&

, P < 0.05; 
$
, P < 0.05, significantly different 

from 0 M adenine control in each time group. 
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Supplementary Materials: 

Fig. S1. The expression of APRT during cutaneous wound repair in wild-type mice. (A) The 

representative images of wound healing in mice at indicated time. (B) Representative western 

immunoblots for APRT in C57BL/6 mice skin at indicated time point, β-actin were used as 

loading controls. (C) Quantitation of the intensity of western blots for APRT. Data were 

expressed as mean±SEM, N=3. *, P<0.05; N.S., non-significant.   

 

Fig. S2. The change of AMPK phosphorylation during diabetic wound healing. (A) 

Representative western immunoblots for P-AMPK and T-AMPK treated with adenine in diabetic 

wounds at day 20 post-injury. β-actin were used as loading controls. (B) Quantitation of the 

intensity of western blots for P-AMPK. Data were expressed as mean±SEM. *, P<0.0. (C) 

Histological sections were stained by immunohistochemistry with anti-P-AMPK antibodies and 

were counterstained with Haematoxylin. Scale bars, 500 & 50 μm, respectively. 5 versus control 

skin; **, P<0.01 versus control skin, N=5. 
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Table 1. Time-course of the adenylate nucleotides response to adenine supplementation in NIH-3T3 fibroblasts. Absolute concentrations 

of adenylate nucleotides exposed to different amounts of isotope-labeled adenine as monitored by MRM methods; N=4. Data presented as 

mean±SD. 

 Adenine (μM) 

 0 5 10 50 100 500 

AMP (μM) 

10 min 0.23±0.04 0.36±0.05* 0.45±0.05* 0.44±0.02* 0.39±0.03* 0.45±0.05* 

30 min 0.36±0.06 0.67±0.13* 0.66±0.13* 0.72±0.11* 0.7±0.08* 0.83±0.16* 

60 min 0.21±0.05 0.45±0.08* 0.63±0.13* 0.83±0.2* 0.74±0.15* 0.85±0.25* 

180 min 0.25±0.05 0.41±0.06* 0.58±0.23* 0.66±0.18* 0.77±0.05* 0.98±0.12* 

ADP (μM) 

10 min 0.21±0.03 0.3±0.07 0.3±0.05 0.29±0.05 0.29±0.04 0.35±0.09 

30 min 0.25±0.04 0.43±0.1
&

 0.47±0.12
&

 0.47±0.08
&

 0.61±0.08
&

 0.66±0.15
&

 

60 min 0.33±0.07 0.59±0.13
&

 0.7±0.12
&

 0.85±0.12
&

 0.79±0.14
&

 0.95±0.2
&

 

180 min 0.41±0.05 0.62±0.06
&

 0.72±0.18
&

 0.72±0.12
&

 0.83±0.06
&

 0.97±0.09
&

 

ATP (μM) 

10 min 1.04±0.04 1.18±0.15 1.21±0.05 0.97±0.09 1.1±0.1 1.1±0.1 

30 min 0.77±0.15 1.03±0.08
$
 0.89±0.11

$
 1.3±0.18

$
 1.62±0.28

$
 1.64±0.23

$
 

60 min 1.1±0.27 1.42±0.12
$
 1.76±0.22

$
 2.04±0.42

$
 1.96±0.21

$
 2.17±0.31

$
 

180 min 1.02±0.09 1.5±0.19
$
 1.39±0.1

$
 1.38±0.11

$
 1.5±0.21

$
 1.8±0.2

$
 

*, P<0.05; Significantly different from 0 uM adenine control in each time group. 
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