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Background: The enhanced expression of endogenous opioid peptides, including β-endorphin, 

has been implicated in the mechanism of action of pulsed radio frequency (PRF) application 

in pain modulation. Because thermal effects cannot be separated from the physical property of 

PRF application to biological tissues, we evaluated whether temperatures higher than that of the 

normal body temperature (37°C) modulate mRNA expression for the precursor of β-endorphin, 

proopiomelanocortin (POMC) in human monocytic cells THP-1. We also attempted to examine 

whether mechanisms other than thermal effects also modulate such gene expression.

Methods and results: The mRNA for POMC in THP-1 cells increased by a 15-minutes incu-

bation at 42°C, 45°C, or 70°C without PRF application as compared with that in cells incubated 

at 37°C. On the other hand, gene expression for POMC in cells incubated at 20°C as well as 

at 37°C with PRF application for 15 minutes increased as compared to that in cells incubated 

at 37°C without PRF application. Continuous radio frequency at 70°C but not PRF provoked 

apoptotic cell death at 1–2 hour, and necrotic cell death at 24 hours after the RF application.

Conclusion: A simple experimental system using human monocytic cells in culture demon-

strated that a 15 minute elevation of temperature above 37°C enhanced gene expression for 

POMC in THP-1 cells, while a 15 minute application of PRF to these cells incubated at 37°C 

or lower, also enhanced gene expression, indicating that temperature-independent mechanisms 

as well as thermal effects may be involved in such gene expression.

Keywords: pulsed radio frequency electric field, human monocytic cells, THP-1, proopiomela-

nocortin, β-endorphin, necrosis, apoptosis, apoptotic vesicle

Introduction
A growing body of clinical evidence supports the concept that the application of 

pulsed radio frequency (PRF) current to peripheral nerves with conditions related 

to neuropathic pain is beneficial in improving pain.1 A systematic review using the 

meta-analysis procedure indicates that treatment with PRF decreases the intensity of 

pain in patients with post-herpetic neuralgia.2

PRF current is an alternative to continuous radio frequency (CRF) current  that can 

be selected as a modality in RF generators for clinical use.1,3 These RF generators were 

originally developed to provoke thermal coagulation of neural tissues around the active 

tip of the needle-shaped RF probe.3–5 Therefore, a thermostat component which senses 

and regulates the temperature of the RF probe is essential for such RF generators.3
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Using the CRF mode, a continuous current of approxi-

mately 500 kHz flows from the probe inserted in an insulated 

guiding needle with a 2–10 mm active tip.1,3,4 The temperature 

of tissues in an electric field around the active tip is elevated 

according to the power delivered, that is proportional to the 

square of voltage applied (V) and the time for RF current 

exposure (t), and inversely proportional to the tissue resis-

tance (R).1

 
Power deposition

V x t

R

2

a
 

Therefore, the CRF mode is programmed to modulate (gener-

ally, to decrease) the voltage applied by the RF generator to 

maintain the temperature of the active tip at a pre-selected 

point during thermal coagulation.3 By contrast, in the PRF 

mode, 20 ms RF bursts are generated at a frequency of 2 

Hz.1,3 This mode allows the RF generator to apply a higher 

voltage around the active tip than the CRF mode when the 

same tip temperature is selected because the power delivered 

by the PRF current is 4% of that of the CRF current at the 

same voltage.1,3

Especially, the PRF mode in the NeuroTherm system 

(St. Jude Medical, Saint Paul, MN, USA) is programmed to 

maintain the temperature at just below 43°C while keeping 

the voltage at the pre-selected level by decreasing the duration 

of RF bursts (NT500 system) or by increasing the interval 

of bursts (higher-end systems than NT500).3 This concept of 

the NeuroTherm system follows from the pioneering work of 

clinical investigators who suspected that higher electric fields 

around the active tip may modulate pain sensation through 

mechanisms other than thermal coagulation,3,5 although how 

electric fields work has not yet been clarified.6

The aim of this study is, thus, to evaluate whether tem-

peratures higher than that of normal body (37°C) cause 

enhanced expression of gene coding for an endogenous opi-

oid neuropeptide β-endorphin.7 We also attempted to examine 

whether mechanisms other than thermal effects also cause 

such biological change. We used a human monocytic cell line 

THP-1 as an experimental tool because: 1) it is known that 

β-endorphin is expressed in monocytes by some physiologi-

cal stimuli and immune cell-derived β-endorphin is impli-

cated in analgesia for certain conditions8 and 2) monocytes 

possess polymodal receptors that sense temperatures higher 

than that of the normal body.9,10 We evaluated the effects of 

temperatures higher than 37°C as well as those of the expo-

sure to PRF electric fields with or without thermal effects 

on the modulation of gene expression for the precursor of 

β-endorphin, proopiomelanocortin (POMC),7 in THP-1 cells.

Methods
Materials
RPMI-1640 containing 2-mM L-alanyl-glutamine and 

25-mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) was procured from Thermo Fisher Scientific 

(Waltham, MA, USA). Annexin V-FITC apoptosis detection 

kit, RPMI-1640 (with 25-mM HEPES, without L-glutamine) 

and fetal bovine serum were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). The CountBright (CB) absolute 

counting beads (approximately 7 µm in diameter) were from 

Molecular Probes (Eugene, OR, USA). NucleoSpin RNA was 

from Macherey–Nagel (Düren,  Germany). Primers for PCR, 

target specific fluorescent reporter probes, and other reagents 

used for reverse transcription (RT)-PCR were purchased 

from TaKaRa Bio (Kusatsu, Shiga, Japan). The quality of 

all chemicals used was certified for molecular biology or 

for cell culture.

ThP-1
Human monocytic cells, provided by American Type Culture 

Collection as the cell line THP-1, were cultivated at densi-

ties of 1–9×105 cells/mL in the culture medium (RPMI-1640 

containing 25-mM HEPES), supplemented with 2-mM 

L-alanyl-glutamine, 100 unit/mL penicillin, 100 µg/mL strep-

tomycin, and 10% fetal bovine serum (complete medium) as 

previously described.11

general experimental protocol
THP-1 cells were washed three times with the culture medium 

by 200g centrifugation for 2 minutes. Cell count was per-

formed twice by using the automated cell counter TC 20 

(Bio-Rad, Hercules, CA, USA), and the average was used 

to re-suspend cells at 1×106 cells/mL. A 100-µL portion of 

the cell suspension was transferred to a PCR tube and was 

applied to a Veriti Thermal Cycler (Applied Biosystems, 

Foster City, CA, USA). PCR tubes containing such cell sus-

pensions were incubated at 37°C for 10 minutes, followed by 

15-minute incubation at various temperatures (37°C, 42°C, 

45°C, or 70°C). The incubation of these PCR tubes was 

continued in the Thermal Cycler at 37°C for 30 minutes until 

total RNA was extracted using a nucleic acid purification kit 

(NucleoSpin RNA II) as previously described.11

On the other hand, a 500-µL portion of the suspension of 

THP-1 cells was transferred to a polypropylene microtube 
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and was centrifuged at 1,000g for 5 minutes. The RF probe 

in a 10 cm length and 4 mm active tip guiding needle (22-

gauge, Hakko, Chikuma, Nagano, Japan) was inserted into 

the microtube to place the active tip in the sedimented THP-1 

cells. A counter electrode was tied on the plastic insulation 

of the guiding needle. During the application of RF current, 

the microtubes were incubated at 37°C in a water bath unless 

otherwise noted.

CRF or PRF current at a frequency of 480 kHz was 

applied to the cells using a NeuroTherm NT500 RF generator 

(St. Jude Medical, Sait Paul, MN, USA). The voltage gener-

ated in the CRF mode is automatically changed by the NT500 

RF generator to stabilize the temperature of the RF probe 

at a selected point.3 The temperature of the RF probe was 

monitored by an LED indicator of the NT500 during the RF 

generation and was confirmed to be at the pre-selected level. 

By contrast, the PRF mode of the NT500 system (repeated 

480-kHz RF bursts of duration less than 20 ms in 500 ms) 

is programmed for the voltage to be fixed at a pre-selected 

level during RF generation.3 We selected the maximum volt-

age (>45 V) for the PRF mode and confirmed that the probe 

temperature reached just below 43°C. On the other hand, 

in separate experiments to examine whether changes in the 

gene expression occur without temperature elevation, THP-1 

cells in microtubes were incubated in an aluminium thermal 

block controlled at 20°C by the Peltier device. Special care 

was taken to ensure that the probe temperature did not reach 

37°C during exposure to the PRF current.

After RF application, THP-1 cells were re-suspended by 

mild pipetting, and a 50-µL portion of the cell suspension was 

transferred to 96-multiwell culture plates. The incubation of 

96-multiwell plates at 37°C was continued in a humidified 

atmosphere of 5% CO
2
 in air for 1 hour, 2 hours, or 24 hours 

until flow cytometric analysis. The remaining cell suspen-

sion was transferred to 24-multiwell plates filled with the 

same volume of the complete medium. The incubation of 

24-multiwell plates at 37°C was continued in a humidified 

atmosphere of 5% CO
2
 in air for 24 hours until the extraction 

of total RNA as shown above.

evaluation for the cellular viability and 
the shedding of apoptotic vesicles using 
flow cytometry
A 50-µL portion of the culture medium containing prop-

idium iodide (PI) and fluorescein isothiocyanate isomer I 

(FITC)-conjugated Annexin V (1 µg/mL and 1% (v/v) of the 

provided stock solution, respectively, at final concentrations) 

was added to each dish of 96-multiwell plates with the same 

volume of the cell suspension incubated for a pre-selected 

time period after the RF application. Ten-minutes after add-

ing these agents, a 50-µL portion of the mixture containing 

THP-1 cells (5×105 cells/mL) were transferred to a poly-

styrene tube after gentle pipetting. A fixed dose of the CB 

absolute counting beads was added to this tube and the culture 

medium was also added to fill up to 500 µL. Particles (1×104 

counts) from each well were analyzed with a FACS Canto II 

flow cytometer (Becton Dickinson (BD), Franklin Lakes, NJ, 

USA), and the results were processed by the BD FACS DIVA 

software and the Kaluza flow cytometry analysis software 

(ver. 1.2, Beckman Coulter, Brea, CA, USA). FSC-A is the 

area of electric pulse for forward scatter (FSC) of particles 

detected in flow cytometry, indicative of the relative size of 

each particle (see Figure 1). SSC-A is the area of electric 

pulse for side scatter (SSC), which reflects the surface as well 

as the internal complexity of each particle (Figure 1). Total 

THP-1 cells were gated by a rectangle in the FSC-A/SSC-A 

plot according to the previous description of ours (FSC ≥7 µm 

CB calibration beads, SSC ≥ minimal value for normal THP-1 

cells).11 Apoptotic cells were defined as the Annexin-bound 

particles (ie, PI/FITC=(+/+) or (−/+)) gated in the total THP-

1. Necrotic cells were defined as the cell membrane-injured 

and thus PI-positive, and Annexin-not-bound particles (PI/

FITC=(+/−)) in the total THP-1 gate. Apoptotic vesicles were 

defined as particles gated in a rectangle of FITC-positive 

(i.e., Annexin-bound) and with FSC values less than those 

for 7 µm CB beads in the FSC-A/FITC-A plot.

evaluation for the gene expression
A 2-µL portion of the total RNA (<500 ng) was subjected 

to RT as previously described using TaKaRa PrimeScript 

RT Master Mix.11 A 1-µL portion from the resultant mixture 

containing cDNA was added to TaKaRa Premix Ex Taq (Probe 

qPCR) at a final volume of 10 µL containing the primer pair 

(200 nM each at the final concentration) and the target specific 

fluorescent reporter probe for  POMC or GAPDH (200 nM 

each at the final concentration). The illumina Eco Real-Time 

PCR system (San Diego, CA, USA) was used for analysis. 

Thermal cycling conditions were designed as follows: initial 

denaturation at 95°C for 30 seconds followed by 40 cycles 

of 95°C for 15 seconds and 60°C for 1 minute. Fluorescence 

was recorded during each annealing step. All amplification 

reactions were performed in duplicate, and average threshold 

cycle (Ct) numbers of the duplicates were recorded. The Ct 

value for POMC was normalized to Ct value for the house-

keeping gene GAPDH (ie, ΔCt). The relative change in ΔCt 

was expressed as ΔΔCt, where ΔCt of interest was subtracted 
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from that of the  calibrator (i.e., control). The sequences of the 

primer pair used to amplify a part of the cDNA or the target 

specific fluorescent reporter probe are shown in Table 1.

statistical analysis
The number of cells or vesicles was expressed as a percentage 

of the number of total THP-1 cells. The density of these cells or 

Figure 1 (a1 and a2) Representative Fsc-a/ssc-a plots of the suspension of ThP-1 cells at 1 hour or 2 hours after the control manipulation, where the active tip of the 
electric probe from a radio frequency (RF) generator was placed in the sedimented ThP-1 cells in a microtube without generating RF currents (no RF). (b1 and b2) same 
as a1 and a2 except that the continuous RF current at 70°c for 3 minutes was applied to the sedimented ThP-1 cells. (c1 and c2) same as a1 and a2 except that the pulsed 
RF current for 15 minutes was applied to the sedimented THP-1 cells at below 43°C. (d–f) The fluorescence of fluorescein isothiocyanate isomer I (FITC) bound to particles 
detected by flow cytometry was plotted against that of propidium iodide (PI) bound to each particle. FSC-A or SSC-A is the area of electric pulse for the forward scatter 
(FSC) or the side scatter (SSC), respectively.  FITC-A or PI-A is the area of electric pulse for the fluorescence intensity of FITC or PI, respectively.
Notes: Particles gated in (−/−) are FiTc- and Pi-negative and dotted in black in every plot shown in Figure 1. Particles gated in (−/+) (Pi-negative/ FiTc-positive) or (+/+) 
(Pi-positive/ FiTc-positive) are those of early apoptotic cells (or vesicles) dotted in green, or late apoptotic cells dotted in blue, respectively. Particles gated in (+/−) (Pi-
positive/ FiTc-negative) are those of necrotic cells dotted in red. Plots shown as d, e, or f correspond to those shown as a, b, or c, respectively. The countBright absolute 
counting beads plotted in a1 and d1 are indicated by arrows. These data were obtained in a series of experiments performed simultaneously and represented at least six 
separate experiments.
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vesicles was also calculated from the ratio of particle count, as 

compared to that of the CB absolute counting beads; the density 

of the latter was measured by using the TC 20. The proportion 

of particles was expressed in a 95% CI, and the comparison 

with control was performed by using the chi-squared test.  The 

values for ΔΔCt were  expressed as mean ± SD. Comparison 

of multiple groups was performed by ANOVA followed by 
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the Post-hoc Bonferonni’s correction. Statistical differences 

were considered to be significant for values of P less than 0.05.

Results
cellular viability and the shedding of 
apoptotic vesicles
CRF currents applied to the sedimented THP-1 cells in a 

microtube for 3 minutes at a fixed temperature of 70°C caused 

significant apoptotic cell death evaluated at 1 hour, 2 hours, 

Table 1 Sequences of PCR primers and the specific fluorescent 
reporter probes

gaPDh

(5′ → 3′)
sense ggTggTcTccTcTgacTTcaaca
antisense gTTgcTgTagccaaaTTcgTTgT
Probe [5-FaM] acacccacTccTccaccTTTgacgcT 

[3-BhQ1]
POMc

(5′ → 3′)
sense gccgagaagaaggacgaggg
antisense ggTcaTgaaaccgccgTagc
Probe [5-FaM] gcacTTccgcTggggcagccc [3-

BhQ1]

Abbreviation: POMc, proopiomelanocortin.

Figure 2 no radio frequency (RF): Representative Fsc-a/ssc-a plots of the suspension of ThP-1 cells at 24 hours after the control manipulation, where the active tip of 
the electric probe from a RF generator was placed in the sedimented ThP-1 cells in a microtube without generating RF currents. continuous radio frequency (cRF): same as 
“no RF” except that cRF current for 3 minutes was applied to the sedimented ThP-1 cells at 70°c. Pulsed radio frequency (PRF): same as cRF except that the PRF current 
for 3 minutes, 9 minutes, or 15 minutes was applied to the sedimented ThP-1 cells at just below 43°c. countBright (cB): The cB calibration beads were suspended in the 
culture medium without adding the suspension of THP-1 cells to confirm the background noise of flow cytometric analysis. The stock suspension of these calibration beads 
was added to every sample in the same proportion as shown in CB. Particles of propidium iodide (PI)/fluorescein isothiocyanate isomer I (FITC) (−/−) were dotted in black. 
Pi/FiTc (−/+) or (+/+) particles are those of early apoptotic cells/vesicles dotted in green, or late apoptotic cells dotted in blue, respectively. Pi/FiTc (+/−) necrotic cells are 
dotted in red. These data were obtained in a series of  experiments performed  simultaneously and represent at least six separate experiments.
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and 24 hours after the RF application by flow cytometry. The 

increase in necrotic cells was not observed at 1–2 hour after 

the CRF application but significant increase was observed 

at 24 hours after the application. By contrast, PRF currents 

applied for up to 15 minutes (41°C–42°C) failed to provoke 

apoptotic or necrotic cell death.  CRF, but not PRF currents  

increased the number of apoptotic vesicles shed from THP-1 

cells at 1 hour or 2 hours after RF application. Apoptotic 

vesicles decreased to the level of control (i.e., without RF) 

at 24 hours after CRF application (Figures 1 and 2, Table 2).

The expression of mRna for POMc 
in ThP-1 cells at 24 hours after RF 
application
CRF currents applied to the sedimented THP-1 cells in a 

microtube for 3 minutes at 70°C increased the gene expres-

sion for POMC in surviving cells at 24 hours after RF 

application (Tables 2 and 3). PRF currents applied to these 

cells for 3 minutes did not influence the gene expression 

for POMC observed at the same incubation period after RF 

application. However, prolonged PRF current for up to 15 

minutes increased the gene expression for POMC in THP-1 

cells at 24 hours after RF application (Table 3).
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Discussion
Accumulated clinical experience following the most primary 

report from Sluijter et al5 indicates that considerable adverse 

effects should not occur after the application of PRF to 

peripheral nerves at below 43°C using clinically available RF 

Table 2 Flow cytometric analyses for the suspension of ThP-1 cells exposed to radio frequency currents after a pre-selected incubation 
period

1 hour after RF application No RF 3-minutes CRF 15-minutes PRF

calibration marker (count/session) 759 619 750
Total ThP 103/ml 237.2 582.7 267.3
normal ThP 103/ml 204.6 36.5 232.8
necrosis (%) [95% ci] 9.6% (8.2–10.9) 12.8% (11.7–13.9) 8.6% (7.4–9.9)
apoptosis (%) [95% ci] 4.2% (3.2–5.1) 80.9% (79.6–82.2)* 4.3% (3.4–5.2)
apoptotic vesicle 103/ml 11.3 93.4 12.7

%Total ThP (95% ci) 4.8% (3.8–5.8) 16.0% (14.8–17.2)* 4.7% (3.8–5.7)
2 hours after RF application no RF 3-minutes cRF 15-minutes PRF

calibration marker (count/session) 739 667 657
Total ThP 103/ml 258.9 529.8 227.5
normal ThP 103/ml 220.4 22.3 180.4
necrosis (%) [95% ci] 10.7% (9.3–12.1) 13.3% (12.2–14.4) 16.7% (14.8–18.6)
apoptosis (%) [95% ci] 4.2% (3.3–5.1) 82.5% (81.3–83.8)* 4.0% (3.0–5.0)
apoptotic vesicle 103/ml 6.9 97.2 2.6

%Total ThP (95% ci) 2.7% (1.9–3.4) 18.3% (17.1–19.6)* 1.1% (0.6–1.7)
24 hours after RF application no RF 3-minutes cRF 3-minutes PRF 9-minutes PRF 15-minutes PRF

calibration marker (count/session) 1,870 1,553 1,387 1,409 1,561
Total ThP 103/ml 114.1 155.6 226.7 221.7 192.1
normal ThP 103/ml 106.4 46.7 208.4 210.1 181.9
necrosis (%) [95% ci] 4.4% (3.5–5.3) 28.4% (26.6–30.2)* 5.3% (4.5–6.1) 4.1% (3.4–4.8) 4.6% (3.8–5.3)
apoptosis (%) [95% ci] 2.3% (1.7–3.0) 41.6% (39.6–43.5)* 2.8% (2.2–3.3) 1.1% (0.7–1.5) 0.7% (0.4–1.1)
apoptotic vesicle 103/ml 0.4 1.1 0.5 0.1 0.2

%Total ThP (95% ci) 0.4% (0.1–0.7) 0.7% (0.4–1.1) 0.2% (0.0–0.4) 0.0% (–0.1–0.1) 0.1% (0.0–0.2)

Notes: Representative data of flow cytometry from a series of experiments. Similar results were obtained from more than six separate experiments. Background noise for 
ThP-1 cells or apoptotic vesicles was <100 count/ml or <1 count/ml, respectively. PRF: pulsed RF; no RF: ThP-1 cells in this group were manipulated by the same methods 
as those in other groups except that electrodes were set without generating RF currents. *Significantly different from No RF (P<0.05).
Abbreviations: RF: radio frequency; cRF: continuous RF; PRF: pulsed RF.

Table 3 gene expression for POMc in ThP-1 cells

−ΔΔCT (mean ± SD) (n)

Modality of RF application
PRF 0 minute (control) 0.0 ± 0.0 (6)
cRF 3 minutes 3.5 ± 1.4* (6)
PRF 3 minutes 0.2 ± 0.4 (6)
PRF 15 minutes 2.4 ± 1.4* (6)
a 15-minute elevation of incubation temperature without PRF
37°c (control) 0.0 ± 0.0 (4)
42°c 1.1 ± 0.3* (4)
45°c 2.0 ± 0.4* (4)
70°c 4.3 ± 0.6* (4)
incubation temperature during 15-minute PRF application
37°c without PRF (control) 0.0 ± 0.0 (4)
20°c with PRF 1.6 ± 0.1* (4)
37°c with PRF 2.1 ± 0.1* (4)

Notes: The level of mRna in ThP-1 cells. Data are expressed as mean ± sD. 
n=number of samples separately observed. *Significant difference from control 
(P<0.05).
Abbreviations: cRF, continuous RF; POMc, proopiomelanocortin; PRF, pulsed 
RF; RF, radio frequency.

effects of a 15-minute incubation at 
temperatures higher than 37°c on the 
expression of mRna for POMc in  
ThP-1 cells
The mRNA level for POMC in THP-1 cells at 30 minutes 

after incubation at temperatures higher than 37°C (42°C, 

45°C or 70°C) for 15 minutes increased as compared to that 

in cells incubated at 37°C throughout (Table 3).

effect of incubation temperatures on the 
expression of mRna for POMc in ThP-1  
cells exposed to the PRF electric fields
To evaluate whether the elevation to temperatures higher than 

37°C is the unique cause of the increased gene expression for 

POMC in THP-1 cells applied to the PRF currents, THP-1 

cells in microtubes were incubated in a water bath at 37°C 

or in an alminium thermal block controlled at 20°C by the 

Peltier device during the exposure to the PRF electric field for 

15 minutes. The mRNA level for POMC in THP-1 cells at 24 

hours after exposure to the PRF electric field during incuba-

tion of the cells at 20°C as well as at 37°C was significantly 

increased as compared to that in cells without RF application 

incubated at 37°C (Table 3).
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generators.1,12 The lack of numbness or anesthesia dolorosa 

after PRF application, that are usually accompanied with 

CRF ablation at higher temperatures,5,13 implies that the 

mechanism of action of PRF in decreasing pain is different 

from the ablation of peripheral nerves by CRF applied at 

higher temperatures.6 However, it has not yet been clarified 

how PRF current modulates the sensory nerves with condi-

tions related to neuropathic pain.

The therapeutic effects of PRF application to dorsal root 

ganglions (DRGs), where neuropathic pain was introduced 

by chronic constriction injury or related surgical techniques, 

on nociceptive responses in experimental animals were evalu-

ated by several groups. Vallejo et al14 as well as Lin et al15 

indicated that the production of acute proinflammatory cyto-

kines TNF-a or IL-6 is suppressed by the PRF application 

to DRGs. Lin et al also showed that the phosphorylation of 

mitogen-activated protein kinases (MAPKs; p-ERK and p-p 

38) in the spinal dorsal horn induced by spinal nerve ligation 

were suppressed by PRF application to DRGs.15 In addition to 

such therapeutic effects of PRF on the neuropathic pain model 

induced by spinal nerve ligation, Chen et al showed the ben-

eficial roles of PRF in an inflammatory pain model induced 

by intradermal injection of complete Freund’s adjuvant (CFA) 

in the hind paw.16 They showed that the activation of c-Jun 

N-terminal kinases after the CFA injection was suppressed 

by PRF application to DRGs.16 These findings collectively 

suggest that the application of PRF to DRGs suppresses the 

central sensitization of pain through several pathways, while 

the mechanism of action of PRF currents in the modulation 

of such pathways could not be addressed by these studies.

Several investigators showed that the application of PRF 

alone to DRGs (i.e., without experimental intervention to 

establish neuropathic pain) induced the expression of mark-

ers for the activation of the nervous system, c-Fos17,18 or 

activating transcription factor 3 (ATF3),19 indicating that 

certain signal transduction pathways should be activated 

by PRF currents applied to DRGs. It is noteworthy that the 

expression of c-Fos in the dorsal horn was provoked by the 

application of PRF to DRGs, but not by CRF applied at the 

same temperature as PRF.18 This suggests that the higher 

electric fields generated by PRF currents than those gen-

erated by CRF currents have an advantage over the latter 

in activating DRGs. Hamann et al also indicated that the 

expression of ATF3 in DRGs was introduced by the applica-

tion of PRF to DRGs, but not to peripheral nerve fibers.19 

These collectively indicate that the therapeutic effect of 

PRF application is provoked by the exposure of DRGs to 

the electric field of PRF currents.

Although these studies showed that the exposure of DRGs 

to PRF electric fields activates spinal nerves,17–19 it has not 

yet been clarified what molecules were involved in such 

activation of nervous system. In this context, it is interesting 

to note that Jia et al showed increase in the expression of 

glial cell-derived neurotrophic factor (GDNF) by PRF in the 

neuropathic pain model provoked by spinal nerve  ligation.20 

GDNF is known to play important roles in post-injury 

reparation of neurons21,22 and has been reported to alleviate 

neuropathic pain in experimental animals.23–25 These reports 

indicate that GDNF is a possible candidate for the molecule 

involved in the modulation of pain by PRF application.

Several lines of experimental evaluation, including our 

present study, attempted to show the expression of endog-

enous opioids by the exposure of various types of cells to PRF 

currents. Wu et al showed that the level of met-enkephalin 

in the spinal cord was increased by the application of PRF 

to DRGs.26 Moffett et al demonstrated that the application 

of PRF currents to human dermal fibroblasts or epidermal 

keratinocytes in culture increased the level of precursor 

mRNAs for endogenous opioid, proenkephalin, proopiomela-

nocortin, and prodynorphin.27 The latter group also confirmed 

the increase in the production of these peptides by enzyme 

linked immunosorbent assay.27

The present study was planned to further examine the role 

of temperatures higher than that of the normal body (37°C) in 

gene expression for the precursor of β-endorphin in human 

monocytic cells provoked by PRF application, because ther-

mal effects (i.e., power deposition) cannot be separated from 

the physical property of RF application to biological tissues.1,3 

We demonstrated, firstly, that the incubation of THP-1 cells at 

temperatures higher than 37°C increased the gene expression 

for POMC in human monocytic cells. It is plausible that such 

thermal effects on the enhanced expression of POMC are 

caused by the activation of polymodal nociceptive receptors 

TRPV1,9 the expression of which has been demonstrated in 

monocytic cells.10 However, further evaluation is required to 

confirm the involvement of polymodal nociceptive receptors 

in the events observed in our experiments by using specific 

antagonists for these receptors or by using genome-edited 

THP-1 cells that lack expression for these receptors.

The secondary important finding of the present study was 

that the application of PRF currents to THP-1 cells under a 

condition that these cells are cooled to temperatures below 

those for the normal body (20°C) also increased the level 

of mRNA for POMC. Although the temperature around the 

active tip of the RF probe gradually increased due to power 

deposition1 (i.e., the Joule heating) in this set of experiments, 
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we confirmed that it was less than 37°C by monitoring the 

temperature of the RF probe. This indicated that mecha-

nisms other than thermal effects should be involved in the 

gene expression for POMC in human monocytic cells after 

the PRF application. The role of high electric fields around 

the active tip of the RF probe independent of the thermal 

effects is implicated from these interesting results while we 

cannot address the precise mechanisms for this phenomenon 

through the present study. Further study is also required to 

solve this issue.

cytotoxicity or degeneration of neural/
perineural tissues after the exposure to 
PRF electric fields
The present study demonstrated, using flow cytometry, that 

CRF application to human monocytic cells at 70°C for 3 

minutes provoked apoptotic cell death within 1–2 hour after 

the application. The proportion of apoptotic cells decreased 

while that of necrotic cells increased at 24 hours after CRF 

at 70°C. By contrast, PRF application at temperatures 

below 43°C for up to 15 minutes did not provoke significant 

apoptotic or necrotic cell death during the same observa-

tion period. Such results of ours support an early study by 

Podhajsky et al using optical microscopy, showing that PRF 

and CRF applied at 42°C provoked no significant change in 

DRGs and sciatic nerves except for the extracellular edema 

of DRG cells and nerve fibers, or fibroblast activation causing 

the increase of collagen in subperineural and perivascular 

spaces.12 These changes, observed most obviously at 2 days 

after RF treatment, improved and returned to normal at 7 days 

and 21 days, respectively, after treatment. In contrast to such 

reversible changes caused by 42°C applications, CRF at 80°C 

provoked the Wallerian degeneration, consisting of swelling 

and degeneration of axons and disintegration of myelin.12

Several groups reported, using electron microscopy, 

histological changes after the application of PRF, including 

those of the enlargement of endoplasmic reticulum in DRG 

cells,28 the fusion of vacuoles in these cells,28 disruption of 

mitochondria in A and C-fibers,29 the separation of myelin of 

axons.30 But the relationship between these findings observed 

using electron microscopy and therapeutic effects of PRF 

are not clear. It is noteworthy here that these morphological 

changes provoked by PRF28–30 point to the potential risk of 

this modality of RF currents for the disruption of nervous 

system treated. Adherence to evidence-based settings for 

the frequency,  amplitude, pulse width and interval, or the 

treatment time is required for the safe clinical practice using 

PRF application for interventional pain medicine.

The limitation and the strong point of 
this study
The primary outcome of this study is that enhanced gene 

expression for POMC was shown to be provoked after a 

15-minute incubation of human monocytic cells at tempera-

tures higher than 37°C. Because the thermal effect (<43°C) 

is an essential property of PRF application to biological 

 tissues,1,3 it is likely that such enhanced gene expression 

occurs around the active tip of the RF probe within 30 minutes 

after a 15-minute exposure of THP-1 cells to the PRF electric 

field by clinically available RF generators through thermal 

effects. The secondary outcome is a demonstration that such 

enhancement occurred in PRF application even when the 

temperature of the RF probe was below 37°C. This could be 

demonstrated because we used a simple observational system 

consisting of a single type of cells in culture, that could be 

cooled to temperatures less than those for the normal body.

Although the secondary outcome is very interesting, we 

cannot address the precise mechanisms of the non-thermal 

effects in the modulation of gene expression for POMC because 

the present study was designed for the primary outcome and 

not for the secondary outcome. A possible explanation for the 

non-thermal effects of PRF application is the electroporation 

evoked by high electric fields of PRF currents.4 However, two 

unresolved issues exist for this concept: 1) there is no evidence 

for cell membrane disruption in histological studies using elec-

tron microscopy after the PRF application28–30 and 2) the mode 

of electric currents in commercially available electroporators 

is apparently different from those in PRF generators. The elec-

troporator for experimental uses applies higher voltages than 

the PRF generator and applies direct current in contrast to the 

alternating RF current in the latter.31

Although several strongpoints can be addressed, it is 

not clear whether the enhanced gene expression for POMC, 

especially in monocytic cells, could explain the modulatory 

effects of PRF application on pain sensation in the whole 

animal body. While a human monocytic cell line THP-1 was 

demonstrated to be an excellent tool to examine the question 

in the present study, it is essential to perform animal behavior 

studies to solve the remaining issue. Further experimental 

studies as well as clinical observations are required to clarify 

the mechanism of action of the PRF application in the treat-

ment of peripheral nerves and DRGs under neuropathic pain 

conditions.

Conclusion
Exposure of human monocytic cells to PRF currents using 

a clinically available RF generator increased the gene 
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 expression for POMC in these cells. Elevation to tempera-

tures higher than 37°C appeared to be responsible for such 

PRF-provoked increase in the gene expression for POMC, 

while uncertain mechanisms, other than thermal effects, 

may also be involved in this phenomenon. PRF application 

to these cells failed to provoke significant apoptotic as well 

as necrotic cell death.
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