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Augmented Mechanical Forces of the Surface-Modified Nanoporous Acupuncture Needles Elicit Enhanced Analgesic Effects
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Over the past several decades, clinical studies have shown significant analgesic effects of acupuncture. The efficacy of acupuncture treatment has improved with the recent development of nanoporous needles (PN), which are produced by modifying the needle surface using nanotechnology. Herein, we showed that PN at acupoint ST36 produces prolonged analgesic effects in an inflammatory pain model; the analgesic effects of PN acupuncture were sustained over 2 h, while those using a conventional needle (CN) lasted only 30 min. In addition, the PN showed greater therapeutic effects than CN after 10 acupuncture treatments once per day for 10 days. We explored how the porous surface of the PN contributes to changes in local tissue, which may in turn result in enhanced analgesic effects. We showed that the PN has greater rotational torque and pulling force than the CN, particularly at acupoints ST36 and LI11, situated on thick muscle layers. Additionally, in ex vivo experiments, the PN showed greater winding of subcutaneous connective tissues and muscle layers. Our results suggest that local mechanical forces are augmented by the PN and its nanoporous surface, contributing to the enhanced and prolonged analgesic effects of PN acupuncture.
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INTRODUCTION

Acupuncture treatment has been used as a therapeutic modality in East Asia since 6000 BC, starting with a sharpened stone and progressing to stainless steel needles (White and Ernst, 2004; Wang et al., 2008). Acupuncture is of continuing global interest; the World Health Organization stated that acupuncture can be used to treat 63 diseases. Controlled clinical studies have shown its effectiveness in treating 28 diseases, including depression, nausea, vomiting, insomnia, and pain (Lao, 1996; Leake and Broderick, 1999). Among these conditions, treating pain is one of the most common uses of acupuncture therapy (Wang et al., 2008; Han, 2011; Vickers et al., 2012; Lee et al., 2013), particularly for treating lower back pain (Gunn et al., 1980; Macdonald et al., 1983; Manheimer et al., 2005; Lee et al., 2013) and osteoarthritis (Casimiro et al., 2005; Kwon et al., 2006).

Acupuncture is the practice of inserting needles into specific areas of the body surface, called acupoints, by penetrating the epidermis, dermis, subcutaneous layer, and/or muscle (Kimura et al., 1992; Park et al., 2011; Zhang et al., 2015). To enhance its therapeutic effect, acupuncture is often accompanied by manipulation of the needle involving rotation, vibration, and in-and-out movements (Stux et al., 2003; Meridians and Acupoints Compilation Committee of Korean Oriental Medical Colleges, 2015). Although details of the underlying mechanisms remain unclear, the impact of acupuncture is believed to involve various molecules [e.g., adenosine (Fredholm, 2007; Goldman et al., 2010), pERK (Park et al., 2014), and/or TRPV1 (Abraham et al., 2011; Wu et al., 2014; Liao et al., 2017)] and structures [e.g., subcutaneous connective tissue (Shen et al., 1973; Langevin et al., 2001b, 2002; Zhao, 2008), muscle (Shen et al., 1973), nerve (Kim et al., 2013), vessels (Huang T. et al., 2013), fibroblasts (Langevin et al., 2007, 2011), mast cells (Zhang et al., 2007; Fung, 2009), and/or keratinocytes (Geoffrey, 2009; Park et al., 2014)] near the acupoints, resulting in reconstitution and activation of various signals (Lin and Chen, 2008; Zhao, 2008; Park et al., 2014; Shu et al., 2016).

Because local changes induced by needle insertion and/or manipulation initiate the therapeutic effects of acupuncture, we hypothesized that potentiating the intensity of acupuncture stimulation could enhance its therapeutic efficacy. Thus, we developed a novel acupuncture needle, the micro/nanoporous acupuncture needle (PN). Unlike the smooth surface of a conventional acupuncture needle (CN), the PN surface has micro/nano-sized holes that provide a 20-fold increase in surface area. Previous studies have explored the properties of the PN surface produced using electrochemical techniques (Lee et al., 2017). Acupuncture using the PN showed a greater therapeutic effect than did the CN in an addiction model (In et al., 2016) and a colorectal cancer model (Lee et al., 2017). Other than the electrical conductivity (Not understood; how is porosity related to electrical conductivity?), the micro/nanoporous surface of PN has different physical characteristics that affect the therapeutic efficacy of acupuncture treatment. However, no studies have explored the physical impact of PN acupuncture, including the pullout force, mechanical load, and structural deformation induced by surface modification of local tissues during PN acupuncture.

In this report, we (i) analyzed various aspects of PNs and CNs on four different acupoints by measuring the pullout force and rotational torque using an Acusensor; (ii) compared the morphological deformation of local tissues induced by PN and CN acupuncture; and (iii) investigated changes in therapeutic effects induced by PN acupuncture by assessing the analgesic effects in an inflammatory pain model.

MATERIALS AND METHODS

Experimental Animals

All experiments were performed using male C57BL/6 mice aged 7–10 weeks (Samtaco, Seoul, Korea). The mice were housed under 12-h light–dark cycle conditions with continuous access to chow and water. The mice were acclimated to the housing facility for 1 week before the experiments. All experiments were approved by the Dongguk University Animal Care Committee for Animal Welfare, and were performed according to the guidelines of the National Institutes of Health and the Korean Academy of Medical Sciences (IACUC-2017-022-1).

Preparation of the PNs

To manufacture the PNs, conventional stainless steel acupuncture needles (8-mm length and 0.30-mm diameter; Dong Bang Acupuncture Inc., Boryeoung, South Korea) were anodized. First, the needles were washed sequentially with acetone, ethanol, and deionized (DI) water. Then, the stainless steel needles were anodized using a two-electrode cell. The cell was composed of a needle for the working electrode, carbon paper (2 cm × 0.5 cm × 0.042 cm carbon and fuel cell; CNL Technology, Suwon, South Korea) for the counter electrode, electrolytes with 0.2 wt.% NH4F (98%; American Chemical Society reagent, Alfa Aesar; Thermo Fisher Scientific, Waltham, MA, United States), and 2.0 vol% DI water in ethylene glycol. The needles were anodized for 30 min with 20 V (Paulose et al., 2006). Then, the anodized needles were rinsed with acetone, ethanol, and DI water, and dried in a nitrogen gas stream.

Characterization of the PNs

The morphology of the needle surface was evaluated using a high-resolution scanning electron microscope (S-4800; Hitachi, Tokyo, Japan) operated at 3 kV. EIS measurements were obtained using a Biologics SAS (Model VSP-1158; Biologics, Cary, NC, United States) three-electrode workstation with a platinum wire as the counter electrode, Ag/AgCl electrode as the reference electrode and the needles as the working electrodes. The system was operated using EC Lab software in the frequency range of 100 kHz to 200 MHz. The electrolyte consisted of a saline solution (0.9 g NaCl in 100 mL DI water) purchased from JW-Pharma (Seoul, South Korea) and was used without further modifications.

Measurements of the Rotational Torque and Pulling Force

Mice were anesthetized by intraperitoneal (i.p.) injection of Zoletil/Rompun and acupuncture needles (CN and PN, 8 mm in length, 0.18 mm in diameter; Dongbang Co., South Korea) were inserted to a depth of 3 mm at the ST36, LI11, ST25 and BL23 acupoints; Figure 2b shows the acupoints used in this study. Acupuncture using CNs and PNs was performed as follows: (1) without manipulation, or (2) with manipulation (consisting of clockwise rotations of 360°/s for nine spins). Pulling and rotational forces of the acupuncture needling were measured using the Acusensor (Stromatec, Inc., Burlington, VT, United States) motion sensor system (Figure 2a). The vertical force acting on the needle to resist its insertion and pulling, and the rotational force acting on the needle to resist its rotation, were measured using a motion sensor. The data of each acupoint were analyzed respectively. And overall values were also calculated using average data.

Histochemical Staining of Abdominal Tissues

Sampling

We performed histochemical analyses of the abdominal tissues around the needle. The large surface area and lack of bones in the abdominal tissues allowed for rapid histological analyses of acupuncture treatment (Langevin et al., 2001a). Mice were anesthetized by Zoletil/Rompun (i.p.). The CNs and PNs (or NN) were inserted on both sides of the abdomen in a random order. Then, the needles were manipulated by nine unilateral spins, with one spin consisting of a clockwise rotation of 360°. For all insertions, the needle depth was held constant at 3 mm, with the needle penetrating the entire abdominal wall, and the track was labeled with tissue-marking dye (Davidson Marking System, Bradley Products, Inc., Bloomington, MN, United States). After the manipulation, the mice were sacrificed without removing the needle, and the whole body was immersion-fixed in 10% formalin for 48 h. Then, the abdominal tissues were excised, including the epidermis to the abdominal muscle layer and the needle, and fixed again in 10% formalin overnight.

Histological Analysis

The needles were removed after paraffinization of the samples and before paraffin embedding. Tissue blocks were cut parallel to the needle axis at 8-μm thickness using a manual rotary microtome (Shandon Finesse 325; Thermo Fisher Scientific Inc.). Every fifth slide with a needle track label was stained with hematoxylin (Merck Co., Darmstadt, Germany) and eosin (Sigma–Aldrich Co., St. Louis, MO, United States), or Masson trichrome-counterstained with aniline blue (Masson Trichrome Stain Kit, Nova UltraTM; IHC World, Ellicott City, MD, United States), which stains collagen as blue and muscle as red. Then, the thicknesses of the epidermis, dermis, subcutaneous, and abdominal muscle layers along the needle track were measured using a light microscopy (BX51, Olympus, Japan), with the subcutaneous layer divided into adipose tissue, cutaneous muscle, and subcutaneous connective tissue.

Behavioral Experiments

Experimental Groups and Acupuncture Treatment

Acupuncture was performed at the ST36 (Joksamli or Zusanli) acupoint, located 3–4 mm below and 1–2 mm lateral to the midline of the knee (Lim, 2010) (Figure 2b). ST36 is one of the most effective points in East Asian medicine and its anti-nociceptive effects in rodent CFA models of chronic pain are well-established (Goldman et al., 2010; Wu et al., 2014; Lu et al., 2016).

The mice were divided into five treatment groups: treatment with CFA only (CFA), treatment with CFA and non-invasive acupuncture (NN) needling at the ST36 acupoint (CFA+NN), treatment with CFA and CN at the ST36 acupoint (CFA+CN), treatment with CFA and PN at the ST36 acupoint (CFA+PN), and control (CON) (n = 7–8 in each group).

The mice in the CFA+CN and CFA+PN groups were immobilized by hand, and the needles were inserted to a depth of 3 mm at the bilateral acupoints. Then, the acupuncture needles were turned at a rate of two spins/s bidirectionally (one spin consisted of clockwise rotation of 180° and a counterclockwise rotation of 180°) for 30 s. The needles were removed immediately after manipulation. To create a blunt non-invasive acupuncture needle, the sharp end of the acupuncture needle was snipped. The mice in the CFA+NN group were pressed with 50 mN of force non-invasively, and no manipulation was done for 30 s. The mice in the CON and CFA groups were also immobilized by hand for 1 min to ensure an equal amount of stress among the acupuncture groups. The treatments began at 4 days after CFA injection once per day for 10 days. Figures 7A,B shows the schedule of the acupuncture treatments and behavioral experiments.

CFA-Induced Mouse Pain Model

CFA oil suspension was diluted 1:1 with saline and used to induce chronic inflammation. The mice were anesthetized with ether before the injection. The mice in the CFA, CFA+NN, CFA+CN, and CFA+PN groups received a subcutaneous injection of 100 μL CFA emulsion solution into the plantar of both hind paws, and the mice in the CON group received identical injections with equal amounts of saline. CFA-treated mice developed signs of inflammation that were prominent at 4 days after the injection.

Mechanical Threshold Assessment

Mechanical allodynia was assessed by testing the withdrawal response to von Frey filaments. Before the baseline test, the mice were habituated in 8 × 10 × 10 cm acrylic boxes with gridded floors, daily for 1 h for 2 days. Mechanical thresholds were assessed before CFA injection, as well as and after acupuncture treatment (Figure 7A). Prior to each test, the mice were habituated again for 1 h. The mechanical allodynia of the hind paws was assessed using an electronic von Frey filament (Figure 7B). The filament was applied to the plantar surface of the hind paw with 0.6 g of force for 1 s. All mice underwent 10 applications on both hind paws, with a 5 s interval between each application. Frequency was defined according to positive responses from 10 applications. The assessor was blinded to the group assignment, and an experienced investigator who was completely blinded counted the withdrawal frequencies.

To observe the short-term changes of allodynia induced by acupuncture, tests were performed before an acupuncture treatment and every 30 min for 2 h after the treatment (0, 30, 60, 90 and 120 min after acupuncture treatment). We tested these short-term effects only after the 1st and the 8th acupuncture treatment, to minimize the stress. And to test the long-term changes, we tested mechanical allodynia on the 1st, 3rd, 7th, and 10th day of acupuncture treatment (Figure 7A).

Statistical Analyses

GraphPad Prism 7 software (GraphPad Software Inc., La Jolla, CA, United States) was used for the statistical analyses. All data are expressed as means and standard error of the mean (SEM). Statistical analyses were performed using one-way analysis of variance (ANOVA), two-way ANOVA or repeated measures of ANOVA, where appropriate. The Bonferroni post hoc test was followed. In all analyses, p < 0.05 was considered to indicate significant differences.

RESULTS

Physical Properties of PNs

Figures 1a–d shows field emission scanning electron microscopy (FE-SEM) images of stainless steel CNs compared with PNs, fabricated by anodizing CNs using an electrolyte of 0.2 wt.% NH4F and 2 vol.% DI water in ethylene glycol at room temperature for 30 min at 20 V (Paulose et al., 2006). Initially, the CN had a smooth surface (Figure 1a); after anodization, the needle showed a micro-nanoscale porous surface topology with a high surface area (Figure 1b). High-resolution images of the PN showed uniform formation of conical-shaped pores (Figure 1c); a cross-sectional image of the porous topology is shown in Figure 1d.
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FIGURE 1. Surfaces of the conventional needle (CN) (a) and micro-nanoporous needle (PN) (b). High-resolution image of the PN acupuncture needle (c) and cross-sectional image of the PN anodized needle (d). Electrochemical impedance spectra (EIS) with fitted Nyquist plots corresponding to the CN and PN (e). The inset shows equivalent circuits for EIS measurements, where RS = solution resistance, RCT = charge transfer resistance, and C = double layer capacitance.



Electrochemical impedance spectroscopy (EIS), a powerful technique for characterizing surfaces (Ehsani et al., 2014), was used to investigate CNs and PNs. Figure 1e shows the fitted Nyquist plots corresponding to the EIS results for CNs and PNs immersed in saline solution. The Nyquist plots for both needles show similar shapes, indicating that saline had no effect on the needle surface. Depressed semicircles are formed due to the combination of the charge transfer resistance (RCT) and the constant phase element of the working electrode (acupuncture needles) and the electrolyte interface (Ehsani et al., 2013). A reasonable decrease was observed in the semicircle diameter in the PNs, indicative of a significant decrease in RCT.

Measurements of Rotational Torque and Pullout Force at Four Representative Acupoints

The rotational torque and pullout force of PNs and CNs were measured using the Acusensor motion sensor system (Figure 2a). Four representative acupoints at the mouse hindlimb (ST36), forelimb (LI11), abdomen (ST25), and back (BL23) (Figure 2b) were used to identify and compare mechanical loads between PN and CN at each acupoint.
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FIGURE 2. Image of acupuncture needling using the Acusensor (a). Acupoints used in this study (b).



The rotational torque was measured during nine rotations at each acupoint (Figures 3A–D). The torque induced by PN and CN was enhanced as the number of rotations was increased in both PN and CN groups, and the rate of increase was much higher in the PN than in the CN group. Especially, the PN group showed significantly higher torque than the CN group when acupuncture was administered to ST36 (P < 0.05 at both the 6th and 8th rotation) and to ST25 (P < 0.05 at the 8th rotation).
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FIGURE 3. Measurement of rotational torque at acupoints ST36 (A), LI11 (B), ST25 (C), and BL23 (D). Measurement of pulling force at ST36 (E), LI11 (F), ST25 (G), and BL23 (H). Rotation of the PN significantly increased the pulling force. At ST36, the pulling force of the PN with rotation was significantly higher than the CN with rotation. With increased numbers of rotation cycles, the torque in the PN and CN increased. In addition, PN had significantly stronger torque than did CN at ST25 and ST36 (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, compared to the no-manipulation group; at the 1st cycle: #P < 0.05, ##P < 0.01, ###P < 0.001, CN vs. PN; Two-way repeated-measures ANOVA (A–D) and two-way ANOVA (E–H) followed by the Bonferroni test; each n = 4–9). Error bars indicate the standard error of the mean (SEM).



The pullout force was measured after nine rotations of the needles (Figures 3E–H). These rotations induced trends of increased pullout force compared to no rotations for both the PN and CN groups; the increase was significant at acupoint ST36 (only PN: P < 0.001), LI11 (CN: p < 0.05, PN: P < 0.001), ST25 (only PN: P < 0.05), and BL23 (only PN: P < 0.01). As shown in Figures 3E–H, compared with the CN group, the PN group showed significantly higher pullout force at ST36 (P < 0.001) and LI11 (P < 0.01). No increase in pullout force was found for either needle group when the needle was inserted without rotation.

To explore differences in mechanical load between PNs and CNs on local tissues, we calculated the overall pulling force and rotational torque by averaging data of each location (Figure 4). The results showed that the overall rotational torque of the PN group increased to a more significant degree than did that of the CN group (P < 0.01, P < 0.001, P < 0.01, and P < 0.001 at the 5th, 7th, 8th, and 9th rotations, respectively; Figure 4A). The overall pulling force of the PN group was significantly higher than that of the CN group (P < 0.01, Figure 4A).
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FIGURE 4. Overall value of rotational torque (A) and pulling force (B). PNs had significantly stronger pulling force and rotational torque than CNs (##P < 0.01, ###P < 0.001, CN vs. PN; two-way ANOVA followed by the Bonferroni test; each n = 16). Error bars indicate the SEM.



Histological Analysis in Local Tissues After Acupuncture

Histological analysis using hematoxylin and eosin staining (Figures 5a,c,e) or Masson’s trichrome staining (Figures 5b,d,f) was performed to investigate acupuncture-induced morphological changes in local tissues, including the epidermis, dermis, subcutaneous tissue (adipose, cutaneous muscle, and subcutaneous connective tissue), and muscle layers. Masson’s trichrome staining of the samples revealed that collagen-containing layers such as dermis, adipose, and subcutaneous connective tissue were stained blue; the epidermis, cutaneous muscle, and abdominal muscle were stained red. The measured thicknesses of the layers are shown in Figure 6.
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FIGURE 5. Histological images in abdominal wall tissues. Control [CON (a,b), CN (c,d), and PN (e,f)]. Histological analyses were performed after nine acupuncture rotations. The adjacent sections from the same tissues were stained with hematoxylin and eosin (H&E) (a,c,e) or Masson’s trichrome counterstained with aniline blue (b,d,f). The histological layer includes the epidermis (E), dermis (D), adipose (A), cutaneous muscle (CM), subcutaneous connective tissue (SC), and abdominal muscle (M). The dotted blue line indicates the inserted trace of acupuncture needle. Scale bar, 500 μm.
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FIGURE 6. Thickness of each layer in the abdominal wall. The thickness of each tissue layer was measured at the epidermis (E), dermis (D), adipose (A), cutaneous muscle (CM), subcutaneous connective tissue (SC), and abdominal muscle (M). SCL represents the subcutaneous layer. ∗P < 0.05, ∗∗∗P < 0.001, compared to the CON group; one-way ANOVA followed by the Bonferroni test; each n = 4–5. Error bars indicate the SEM.



Histological analysis showed that the thickness of subcutaneous layers increased after rotating CNs and PNs. In the adipose layer, both CNs and PNs increased the thickness, but only PNs showed a significant change compared to the CON group (CON: 69.4 ± 10.3 μm; CN: 173.6 ± 42.1 μm; PN: 218.5 ± 28.1 μm, P < 0.05 CON vs. PN). In the cutaneous muscle layer, both CNs and PNs increased the thickness, but only PNs induced a significant difference compared to the CON group (CON: 42.9 ± 4.3 μm; CN: 64.2 ± 7.0 μm; PN: 78.1 ± 4.1 μm, P < 0.01 vs. CON). In subcutaneous connective tissue, both CNs and PNs induced significantly greater thickness compared to the CON group (CON: 58.0 ± 11.7 μm; CN: 259.2 ± 77.0 μm; PN: 339.2 ± 53.3 μm, all P < 0.05 vs. CON); there was no difference between CNs and PNs (Figures 5, 6). Masson’s trichrome staining showed a whorl pattern in collagen fibers in subcutaneous connective tissues in the CN and PN groups (Figures 5b,d,f).

Based on muscle layer analysis, morphological changes in muscle thickness were only significant with PNs: the thickness using PNs (942.7 ± 44.8 μm) was significantly greater than that using CNs (665.4 ± 122.0 μm, PN vs. CN: P < 0.01) and that for the CON group (524.7 ± 38.3 μm, PN vs. CON: P < 0.001, Figures 5, 6). Masson’s trichrome staining analyses showed significant whorl patterns in muscles layers in the PN group (Figures 5b,d,f).

No morphological changes in the dermis and epidermis were observed in either group.

Effects of PN Acupuncture on the Mechanical Pain Threshold in Complete Freund’s Adjuvant (CFA)-Induced Inflammatory Pain Model

We investigated the short-term and long-term analgesic effects of CN and PN acupuncture in a CFA-induced inflammatory pain model. Acupuncture was performed at acupoint ST36 (Figure 2b), and mechanical allodynia was measured using Von Frey filaments (Figure 7B). The baseline mechanical threshold before CFA injection was similar across all groups. Acupuncture treatments with CN and PN started 4 days after CFA injection, when the pain reached a stable level.
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FIGURE 7. The short-term effects of porous and conventional acupuncture needles in the CFA-induced inflammatory pain model. Timeline of the mechanical threshold assessment in the complete Freund’s adjuvant (CFA)-induced pain model (A) Starting 4 days after CFA treatment, acupuncture treatment was administered once per day for 10 days (A1–A10, total 10 times). The Von Frey test was conducted as follows: at 2 days before CFA injection (∙, baseline); at 30, 60, 90, and 120 min after acupuncture treatment ([image: image]); and at 1 day after acupuncture (∘). Schematic diagram of the von Frey test (B). The analgesic effect of acupuncture under the CFA-induced inflammatory pain model was assessed after the 1st (C) and 7th (D) acupuncture treatments (∗∗P < 0.01, ∗∗∗P < 0.001, compared to the CFA; #P < 0.05, ###P < 0.001, CN vs. PN; two-way repeated measures ANOVA followed by the Bonferroni test; each n = 7–8) (C,D). Error bars indicate the SEM.



At the 1st acupuncture treatment, both CN and PN attenuated mechanical allodynia at 30–60 min post-acupuncture; however, only the PN group (5.9 ± 0.4) showed a significant difference compared to the CFA group (7.8 ± 0.4, P < 0.001) at 30 min post-acupuncture. Moreover, allodynia scores of the PN group were significantly lower than those of the CN group (7.0 ± 0.3, P < 0.05) at the same time point. At 120 min after treatment, mechanical allodynia in both the CN (7.69 ± 0.2) and PN (7.57 ± 0.3) groups returned to the pre-treatment values (Figure 7A).

After the 7th acupuncture treatment, the short-term effects of PN and CN acupuncture were tested again using the same protocol. As previously shown (Zhao, 2008; Goldman et al., 2010), the most effective time for CN acupuncture was 30 min after acupuncture (4.4 ± 0.6, P < 0.001 vs. CFA group), with the effect returning to baseline after 90 min. In contrast, in the PN group, the level of mechanical allodynia decreased gradually until 90 min after acupuncture (4.0 ± 0.3, P < 0.001 vs. CFA group), and the decrease continued until 120 min after acupuncture.

A comparison of the pain levels of those in the PN group with that of those in the CN group showed that the PN group exhibited significantly less pain than did the CN group at 90 and 120 min after acupuncture (both P < 0.001, Figure 7B).

In addition to the short-term analgesic effect, we observed long-term therapeutic effects measured 24 h after each acupuncture treatment. Throughout 10 acupuncture treatments (once per day for 10 days), both the PN and CN groups showed gradual alleviation of mechanical allodynia (PN vs. CFA, P < 0.01 after the 1st acupuncture session; CN vs. CFA, P < 0.05 after the 2nd acupuncture session). The difference between the PN and CN groups gradually increased as the number of treatments increased; the anti-allodynic effect of PN (4.5 ± 0.4) was significantly greater than that of CN (5.8 ± 0.4) after 10 acupuncture sessions (measured 1 day after the 10th acupuncture treatment, P < 0.05, Figure 8).
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FIGURE 8. Therapeutic effects of porous and conventional acupuncture needles in the CFA-induced inflammatory pain model. The paw withdrawal frequency of each mouse was measured 24 h after acupuncture treatments. The PN group showed a greater therapeutic effect than the CN group (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, compared to the CFA group; #P < 0.05, CN vs. PN; two-way repeated measures ANOVA followed by the Bonferroni test; each n = 7–8). Error bars indicate the SEM.



DISCUSSION

Although PNs have been developed and applied for improving acupuncture treatment efficacy (In et al., 2016; Lee et al., 2017; Sorcar et al., 2018), no study has explored their analgesic effect, mechanical load, or influence on tissues. Therefore, we investigated the local impact and morphological changes caused by PN acupuncture and measured the difference in analgesic effects between PN and CN acupuncture. The results are summarized as follows: (1) PN induced larger mechanical load than CN; (2) likewise, the PN treatment tended to produce greater morphological changes in muscle layer thickness around the needle track than the CN treatment; and (3) in the CFA inflammatory pain mouse model, PN acupuncture at ST36 resulted in a longer duration of analgesic effect and longer-term treatment efficacy compared with CN acupuncture.

The different impact of PN on local tissues compared with that of CN is likely due to the high surface area of the needle. In et al. reported that the surface area of a PN is 20× greater than that of a CN of the same diameter (In et al., 2016). FE-SEM images confirm the presence of micro-nano porosity on the PN surface. This porosity significantly increases the PNs contact with the surrounding environment; the smaller RCT of EIS implies a greater surface area (Ehsani et al., 2013, 2014). The larger surface area enhances the manipulation-induced frictional force between the needle and adjacent tissues, in turn enhancing the needle-grasp force (Kwon et al., 2017). PNs showed greater deformation of tissues (subcutaneous and muscle layers) around the needle and higher needle-grasp compared to CNs, as measured by the pulling force and torque on four different acupoints.

Histological examination of mouse abdominal tissues indicated that PN acupuncture significantly thickened the subcutaneous connective tissues and muscle layer, resulting in thicker layers than those induced by CN acupuncture, especially in the muscle. Subcutaneous connective tissue and muscle are the two main components of needle grasp, facilitating the therapeutic effect (Shen et al., 1973; Langevin et al., 2002; Zhao, 2008). Rotational manipulation of the acupuncture needle facilitates the gathering of collagen fibers of connective tissues around the needle (Langevin et al., 2006), transmitting mechanical stimulation to the surrounding cells and activating a cellular response in the fibroblasts of connective tissues (Burridge et al., 1988; Banes et al., 1995). Muscle contraction is also believed to induce needle grasp, and its polymodal-type receptor in deep tissue is associated with needle grasp and therapeutic effects (Shen et al., 1973; Lin et al., 1979). Furthermore, other tissue layers (e.g., the epidermis and dermis) may play a role in the effects of acupuncture (Langevin et al., 2007, 1; Abraham et al., 2011; Park et al., 2014); however, morphological changes were minimal in this study.

The exact mechanism through which PNs exert a greater effect cannot be determined based on morphological observation. However, our results are consistent with previous reports suggesting that a greater dose of acupuncture stimulation leads to greater changes at the molecular level, increasing signal transduction and thus exerting an enhanced effect (Goldman et al., 2010; Zylka, 2010; Abraham et al., 2011; Park et al., 2014; Wu et al., 2014). This newly developed PN acupuncture method results in greater stimulation of tissues around the needle track and enhances spinal dorsal horn neuronal activity by acupuncture stimulation in rats (In et al., 2016). Several studies have shown that PNs enhance the therapeutic effect of acupuncture (In et al., 2016; Lee et al., 2017; Sorcar et al., 2018); however, this study is the first to describe the analgesic effect of PNs, the most representative effect of acupuncture.

This study showed that the short-term analgesic effect of PN acupuncture at ST36 was greater than that of CN acupuncture in the CFA-induced pain mouse model. PN acupuncture showed greater immediate (30 min after treatment) and prolonged (90–120 min after treatment) analgesic effects. Our results are in agreement with studies showing higher efficacy and greater therapeutic effects of PN acupuncture in an addiction model (In et al., 2016) and a colorectal cancer model (Lee et al., 2017) compared with CN acupuncture.

Morphologically, CN acupuncture needle rotations induce collagen winding in subcutaneous connective tissues with no structural changes in the muscle layers (Langevin et al., 2001a). In contrast, PN acupuncture resulted in winding of both muscle and subcutaneous connective tissues. The difference in needle grasp between the PN and CN was noticeable at ST36 and LI11. Anatomically, ST36 and LI11 are situated on thicker muscle layers (i.e., the tibialis anterior muscle for ST36 and extensor carpi radialis longus muscle for LI11) compared to ST25 and BL23. In the upper skin layer, the collagen fibers are relatively small, and only needle tracks can be observed rather than tissue twirling; thus, morphological changes appear to be relatively minimal. However, the lower degree of morphological change does not indicate that there are no biological changes associated with the therapeutic effects of acupuncture. Park et al. reported that acupuncture manipulation increased the expression level of pERK in keratinocytes of the epidermis, which may be associated with the analgesic effects of acupuncture. Further studies should be performed simultaneously considering both morphological and molecular changes. Although our results do not preclude the participation of other layers in the acupuncture effects, this study supports that muscle layers may play an important role in the improvements induced by PNs. Taken together, these findings suggest that both subcutaneous connective tissue and muscle contribute to the effects of acupuncture; however, the enhanced therapeutic effects by PNs may be associated with the effects on muscle layers.

Changes in subcutaneous connective tissue in the CN group were less marked than those reported previously (Li et al., 2005; Langevin et al., 2011; Huang C.-P. et al., 2013; Lu et al., 2016). This difference is likely due to the less marked manipulation in the present versus previous studies (Langevin et al., 2002, 2007) because a smaller manipulation using PNs was sufficient to produce an effective change similar to that reported previously (Kwon et al., 2017).

Our study has several limitations. First, to perform the experiments more precisely, sample size calculation is recommended based on a previous study (Festing and Wilkinson, 2007; Kar and Ramalingam, 2013). Since no previous studies have evaluated the analgesic effects of PN and CN, we could not calculate the sample size for this experiment. For subsequent large-scale studies of CN and PN groups, the sample size was calculated using G∗Power (G∗Power 3.1.9.2 for Windows 10, Faul et al., 2007).1 The measurement of mechanical pain in the CN and PN groups was used as ground data. The sample size was calculated using the independent t-test with an α-level of 0.05 and power of 80%. The number calculated was 10 per group, with an effect size d:1.219424, critical t: 1.7340636, Df: 18, non-centrality parameter δ:2.7267150, and actual power: 0.8357533. Next, our results did not reveal whether the PN had better effects than the CN at the other acupoints (excluding ST36). Therefore, further studies are required to compare the effects of the two types of needles using clinically relevant disease models with each acupoint. For example, the effects of ST25 can be tested in a visceral pain or colitis model (Shi et al., 2011; Zhu L. et al., 2018; Zhu X. et al., 2018; Ji et al., 2019). Differences in structural changes according to the modified needle surfaces may be associated with greater analgesic efficacy, but the detailed mechanisms should be explored. In addition, further experiments are required to characterize the enhanced analgesic effect of PN and its detailed mechanism in humans.

Overall, this study is the first to report that the PN, with its large surface area, shows a greater needle grasping power than the CN, thus producing greater morphological changes in subcutaneous and muscle tissues. More importantly, we showed that this treatment increases the analgesic effects with prolonged time. This study suggests that the PN is an effective tool for improving acupuncture efficacy in clinical medicine.
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