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The mechanism of action of acupuncture remains largely unknown. The reaction to acupuncture needling known as ‘de qi’, widely viewed as essential to the therapeutic effect of acupuncture, may be a
key to understanding its mechanism of action. De qi
includes a characteristic needling sensation, perceived
by the patient, and ‘needle grasp’ perceived by the
acupuncturist. During needle grasp, the acupuncturist
feels pulling and increased resistance to further movement of the inserted needle. We hypothesize that 1)
needle grasp is due to mechanical coupling between the
needle and connective tissue with winding of tissue
around the needle during needle rotation and 2) needle
manipulation transmits a mechanical signal to connective tissue cells via mechanotransduction. Such a mechanism may explain local and remote, as well as longterm effects of acupuncture.—Langevin, H. M.,
Churchill, D. L., Cipolla, M. J. Mechanical signaling
through connective tissue: a mechanism for the therapeutic effect of acupuncture. FASEB J. 15, 2275–2282
(2001)
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Acupuncture, a complex therapeutic system used in
China for more than 2000 years (1), has become
increasingly popular in the West as a therapy for pain
and a wide variety of mostly chronic disorders difficult
to manage with conventional treatment (2). Although
considerable research has been directed toward elucidating the mechanism underlying acupuncture, several
fundamental aspects of acupuncture treatments remain
poorly understood (3). Gaining knowledge of therapeutic mechanisms is essential to validating therapies
such as acupuncture that are difficult to test under
double-blind, placebo-controlled conditions (4, 5). Perhaps more important, understanding the mechanism
of acupuncture may provide insight into unexplored
physiological phenomena (3).
According to traditional Chinese theory, the needling of ‘acupuncture points’ has specific therapeutic
effects believed to occur either locally or at a distance
via the system of acupuncture ‘meridians’ (6). Mechanistic models of acupuncture based on laboratory experiments performed over the past 30 years have mostly
abandoned these traditional concepts in favor of viewing the effects of acupuncture as taking place essentially through the nervous system (7). Rather than
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forming an integrated system, acupuncture points are
thought to represent discrete locations on the body
where manual or electrical stimulation can activate
appropriate neural pathways (8, 9). A fundamental
distinction therefore currently exists between traditional and scientific views of acupuncture. A mechanistic explanation incorporating both classic acupuncture
theory and available scientific evidence would therefore
be a major unifying step in the field.
An important key to such a mechanism may be the
characteristic reaction to acupuncture needling
known as ‘de qi’ (1, 6, 7, 10, 11). De qi is elicited by
brief manual manipulation (e.g., rotation, up-anddown motion) of the inserted acupuncture needle.
This method is used to elicit de qi whether or not
electrical stimulation is subsequently applied (1, 7).
De qi has a sensory component perceived by the
patient as an ache or heaviness in the area surrounding the needle and a simultaneous biomechanical
component, needle grasp, perceived by the acupuncturist. During needle grasp, the acupuncturist feels as
though the tissue is grasping the needle, such that
there is increased resistance to further motion of the
manipulated needle (1, 7, 10). This ‘tug’ on the
needle is classically described as “like a fish biting on
a fishing line” (12). Needle grasp has been described
in traditional acupuncture texts for more than 2000
years (13) and is still widely considered essential to
acupuncture’s therapeutic effect (1, 6, 7, 10, 11), yet
its underlying mechanism is unknown.
We hypothesize that, during de qi, the needle is
being grasped by connective tissue as a result of
collagen and elastic fibers winding and tightening
around the needle during needle rotation. In this
manner, a mechanical coupling is developed between needle and tissue. We further hypothesize that
needle manipulation transmits a mechanical signal
into connective tissue via this needle/tissue coupling. The subsequent transduction of this mechanical signal to a cellular response may underlie some
of the therapeutic effects of acupuncture both locally
and at remote locations.
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PROPOSED MECHANISM OF NEEDLE GRASP
Role of connective tissue and winding of collagen
Needle grasp is unlikely to be due to a muscle contraction, as has been suggested (7, 14), since it can be
observed even at locations where no skeletal muscle is
present (such as at the wrist) as well as on the palms
and soles where there are no arrector pili smooth
muscles. Tenting of skin observed during needle grasp
(Fig. 1) also suggests that tissues superficial to muscle
are grasping the needle.
To investigate the role of the skin and/or subcutaneous (s.c.) connective tissues in needle grasp, we used
rat abdominal wall explants as an experimental model
(Fig. 2). Using tissue explants allowed us to examine
histological changes associated with acupuncture needle manipulation in large viable tissue samples that
could be rapidly fixed after needle manipulation. Fullthickness 4 ⫻ 4 cm rat abdominal wall samples including dermis, subcutaneous (s.c.) muscle, s.c. tissue, and
abdominal wall muscles were excised from normal male
Wistar rats (250 –275 g) immediately after death and
placed in 37°C HEPES buffer, pH 7.4. Five minutes
after excision, a stainless steel acupuncture needle
(Seirin, Tokyo, Japan; 0.25 mm diameter) was inserted
in the center of each sample and either rotated in one
direction for 32 revolutions (Fig. 2b) or not rotated
(Fig. 2a). After 1 min, tissues were immersion-fixed in
formalin. Fixed samples were paraffin-embedded, sectioned parallel to the needle track, and processed for
histology. We observed that needle rotation was accompanied by marked thickening of the s.c. connective
tissue layer in the area surrounding the needle (Fig.
2b). There was no structural change in dermis, s.c.

Figure 1. Tenting of skin observed during needle grasp. An
acupuncture needle (Seirin; 0.25 mm diameter) was inserted
into the forearm of a human volunteer. After insertion, the
needle was rotated until needle grasp was observed. Pulling
back on the needle resulted in visible tenting of the skin.
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Figure 2. Winding of connective tissue with acupuncture
needle rotation vs. needle insertion without rotation in rat
tissue explants. Acupuncture needles were inserted into rat
abdominal wall explants including dermis, s.c. muscle, s.c.
tissue and abdominal wall muscle. The needle was either
rotated in one direction for 32 revolutions (b– d) or not
rotated (a). After 1 min, tissues were immersion-fixed in 10%
formalin. The acupuncture needle track was labeled with
India ink and tissue blocks were cut so that the sectioning
plane ran through the needle track. Samples were embedded
in paraffin, sectioned at 6 m thickness, and stained with
hematoxylin/eosin (a, b) or Masson trichrome counterstained with aniline blue, where collagen is stained blue and
muscle is stained red (c, d). Arrows indicate needle track.
Scale bar, 1 mm. b, c) Adjacent sections from the same tissue
block; d) close-up of box area in panel c.

muscle, or abdominal wall muscles other than displacement by the thickened s.c. tissue layer. Masson
trichrome staining showed collagen winding around
the needle track with acupuncture needle rotation (Fig.
2c, d). Consistent with these findings is an electron
microscopy study of debris found on acupuncture
needles after insertion, manipulation, and removal in
humans, revealing elastic and collagen fibers entwined
around the needle (15). Together, these observations
support the hypothesis that connective tissue winds
around the needle during needle rotation.
In a study of the biomechanical response to acupuncture needling in humans, we quantified needle grasp by
measuring the force required to pull out an inserted
acupuncture needle (pullout force). Pullout force was
significantly greater with needle rotation compared
with needle insertion without rotation (16). This result
demonstrates that needle rotation enhances needle
grasp. Pullout forces of 100 –300 g were routinely
observed after needle rotation, and occasionally pullout forces that saturated our 500 g load sensor were
seen. These are substantial loads considering the small
diameter (250 ) of the needle.
The winding of strands of material around a rotating
drum or shaft, resulting in progressive tightening, is a
common phenomenon observed in many settings. Simple friction resists sliding of the material around the

The FASEB Journal

LANGEVIN ET AL.

shaft. Because the material is wrapped around the shaft,
the compressive force between the shaft and the material augments as the tension in the strands increases.
This in turn increases the friction force, allowing more
tension to be developed in the strands. In simple
systems, such as a cable wrapping around a winch
drum, the maximum tension that can be developed in
the free end of the cable before the cable slips on the
drum increases exponentially with increased winding
(17). The winding amplifies the inherent friction between the cable and drum. This exponential increase
occurs when the cable does not wrap over itself. If the
material is allowed to wrap over itself, as we believe
happens in the case of connective tissue winding
around an acupuncture needle, the material can become self-locking in several revolutions. That is, the
friction force is amplified so much that the material
cannot slip on the shaft no matter how much tension is
applied. This self-locking winding of connective tissue
is familiar to surgeons using rotating equipment such as
drills or reamers.
Winding of connective tissue around the needle
results in a marked amplification of the mechanical
coupling between the needle and the local connective
tissue. Some initial coupling must be present, however,
for the tissue to begin wrapping around the rotating
needle shaft. We believe that the initial mechanical
coupling results from attractive forces between needle
and tissue, such forces likely being surface tension and
electrical attraction. Connective tissue is composed of
cells embedded in extracellular matrix made of interwoven collagen and elastic fibers associated with glycoproteins and negatively charged proteoglycans (18).
Electrical attraction may therefore occur between the
metal needle and fixed tissue charges. Such attractive
forces are likely to be relatively weak, but strong
enough to cause initial winding of tissue around the
rotating needle. This is made easier by the small
diameter of the needle. Once some wrapping has
occurred, frictional forces take over. The collagen and
elastic fiber network is likely to have some initial laxity,
allowing the initial wrapping to occur without having to
overcome large tensile forces.
In our human experiments, we typically observed
that the torque required to rotate the needle increases
continuously as needle rotation proceeds (Fig. 3). This
is consistent with our hypothesis of connective tissue
winding around the needle. The torque reflects the
tension developed in the tissue during winding. The
torque curve was similar in most cases except for a
variable duration between the start of needle rotation
and the beginning of the steep torque increase. We
believe that this represented a ‘prewinding’ period
during which the tissue had not yet become ‘caught’ on
the needle, allowing the needle to slip.
Once the acupuncture needle becomes coupled to
tissue, movements of the needle (rotation or pistoning)
may send a signal through connective tissue via deformation of the extracellular matrix. To investigate this
hypothesis, we examined the orientation of collagen
MECHANISM OF ACUPUNCTURE

Figure 3. Torque developing during acupuncture needle
grasp. A computer-controlled acupuncture needling instrument including a miniature servomotor was used to insert and
rotate an acupuncture needle in a normal human volunteer.
The needle was rotated at a constant speed for 16 revolutions
over 2 s. At the end of rotation, the final position of the
needle was held stationary. The amount of torque developed
at the needle/tissue interface is shown graphically.

fibers in rat s.c. tissue with and without needle rotation.
Collagen bundles were straighter and more nearly
parallel to each other after needle rotation (Fig. 4b)
than after needle insertion without rotation (Fig. 4a),
clearly demonstrating local alignment of tissue with
needle rotation. The importance of this effect is that
pulling of collagen fibers during needle manipulation
may transmit a mechanical signal, through deformation
of the extracellular matrix, to cells such as fibroblasts
that are abundant in connective tissue. The subsequent
signal transduction events may contribute to the therapeutic effect of de qi.
Mechanical signal transduction
In many cell types such as fibroblasts, endothelial cells,
and sensory neurons, focal adhesions form a mechanical link between extracellular collagen matrix and
intracellular cytoskeleton (19, 20). The mechanism of
mechanical load detection is thought to be a mechanosensory complex composed of extracellular matrixintegrin-cytoskeletal components linked to a kinase
cascade (21). In this model, load deformation displaces
matrix molecules tethered to clustered integrins at
focal adhesions (22). The cell membrane displacement
is transduced by an integrin to an integrin binding
protein such as talin and then to associated proteins
such as vinculin, tensin, paxillin, Src, and focal adhesion kinase (23). In addition, one or more of these
proteins can undergo a conformation change in response to displacement and initiate a series of phosphorylation and binding reactions in the protein complex (24). Therefore, the result of mechanical load
deformation of an integrin molecule via extracellular
matrix attachment is activation of a signaling cascade
leading to a wide range of cellular responses, including
2277

Redistribution of polymerized actin is known to occur
in cultured fibroblasts and endothelial cells within
minutes of applying a force to the cell surface using
magnets or mechanical traction (27–29). The pulling
of collagen fibers induced by acupuncture needle manipulation appears to have a similar effect on connective tissue fibroblasts via their attachment to collagen
fibers at focal adhesion complexes.
These observations suggest that the mechanical signal created by acupuncture needle manipulation can
induce intracellular cytoskeletal rearrangements in fibroblasts and possibly in other cells present within
connective tissue, such as capillary endothelial cells.
Cytoskeletal reorganization in response to mechanical
load signals has been shown to induce cell contraction,
migration, and protein synthesis (26, 30). Potentially
powerful effects may derive from this mechanical signal
transduction, including autocrine and paracrine cellular effects, with modification of the surrounding extracellular matrix (31).
Figure 4g, h illustrates our proposed mechanism for
needle grasp involving mechanical signaling through
connective tissue: 1) winding of connective tissue
around the acupuncture needle, 2) pulling of collagen
fibers and matrix deformation, 3) transduction of the
mechanical signal into fibroblasts and/or other cells
attached to collagen fibers at focal adhesions, and 4)
cellular response, including cytoskeletal rearrangement, with potentially therapeutic downstream effects.
Figure 4. Extracellular and intracellular effects of acupuncture needle rotation compared with needle insertion without
rotation in rat tissue explants. Rat abdominal wall explants
were obtained and needled as described in Fig. 2. The needle
was either rotated (b, d, f ) or not rotated (a, c, e). After 1 min,
tissues were immersion-fixed in 10% formalin (a, b) or
3.5%formalin (c–f ). s.c. connective tissue was dissected apart
from adjacent muscles. Samples a and b were processed for
histology, sectioned (6 m thickness) parallel to the s.c.
connective tissue plane, and stained with hematoxylin and
eosin. In samples c–f, whole tissue mounts (⬃200 m thick)
were examined with confocal microscopy. Samples c and d
were stained with Texas red-phalloidin (a specific stain for
polymerized F-actin), and Oregon green-DNase1 (a specific
stain for soluble G-actin). Samples e and f were stained with
phalloidin only. Scale bars are labeled in microns. g) Illustrated insertion of an acupuncture needle into connective
tissue. h) Rotation of the needle pulls on collagen fibers
(arrows); the mechanical signal generated by needle rotation
is transduced into local fibroblasts. Yellow lines represent
collagen bundles; pink lines inside fibroblasts represent actin
cytoskeleton; green dots represent focal adhesion complexes.

changes in the actin cytoskeleton with formation of
stress fibers (24 –26).
Using rat s.c. tissue explants, we have found that
acupuncture needle rotation caused fibroblasts to become aligned with collagen fibers and change shape
from a rounded appearance (Fig. 4a, c, e) to a more
spindle-like shape (Fig. 4b, d, f ). Increased cytoplasmic
staining for polymerized filamentous (F-) actin can be
seen in fibroblasts 1 min after needle rotation (Fig. 4d,
f ) compared with needle insertion only (Fig. 4c, e).
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POSSIBLE DOWNSTREAM EFFECTS
OF NEEDLE GRASP
Autocrine and paracrine effects
Cells are thought to exist in a dynamic state of balance
that is a function of the polymerization state of the
cytoskeleton, the amount of extrinsic applied deformation, and the number and quality of focal adhesions
(24, 32). This state of balance is itself linked to complex
cascades of events, including activation of intracellular
signaling pathways with phosphorylation of focal adhesion kinase and extracellularly regulated kinase (ERK).
Cell deformation may also lead to autocrine release of
growth factors, binding to extracellular membrane
receptors, and activation of ERK (24). ERK phosphorylation can lead to activation of ribosomal S6 kinase,
which can initiate protein synthesis (33). Activated
ERKs can also enter the nucleus and up-regulate the
expression of gene transcription factors or activate
nuclear binding proteins such as NF-B, which may
promote the transcription of specific ‘stress-responsive’
genes such as collagen XII, tenascin-C, and plateletderived growth factor (24, 34).
A variety of mechanical stimuli (mechanical stretch,
shear stress, pulsatile stress) has been shown to alter the
expression of proto-oncogenes [c-fos (35–38), c-jun
(38), Fra-1 (38)], as well as genes coding for extracellular matrix components [tenascin-C (34), collagen XII
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(34)], enzymes [cyclooxygenase 2 (39), nitric oxide
synthetase (40)], membrane proteins (connexin 43; ref
35), peptides (parathyroid hormone-related peptide;
ref 41), and cytokines [PDGF (42), TGF-␤1 (43, 44),
and tissue plasminogen activator (45)]. The increase in
cyclooxygenase 2 mRNA expression in response to fluid
shear was blocked by cytochalasin D (39), demonstrating that this response involves actin cytoskeleton reorganization. Most of these studies were carried out in
cultured fibroblasts, endothelial, and smooth muscle
cells using either cyclical stretch or prolonged shear
stress over several hours. Although less information is
available on the effect of brief mechanical stimuli,
several reports indicate that mechanical stimuli lasting
3 s (impulse flow, endothelial cells; ref 35), 1 min
(mechanical stretch of intestinal smooth muscle cells;
43) and 15 min (mechanical stretch of vascular smooth
muscle cells; ref 38) induced significant increases in
cFos (35, 38), Cx43 (35), and TGF-␤1 (43) mRNAs at
30 min, 90 min, and 4 h, respectively. Increased gene
expression in response to mechanical stress has also
been demonstrated in tissue explants (36, 46) and in
vivo (41).
Downstream effects of the mechanical signal generated by acupuncture needle manipulation therefore
potentially include synthesis and local release of growth
factors, cytokines, vasoactive substances, degradative
enzymes, and structural matrix elements. Release of
these substances may influence the extracellular milieu
surrounding connective tissue cells. Changes in matrix
composition, in turn, can further modulate signal
transduction to and within the cell (47).

thought to occur in vivo, as a step toward the formation
of myofibroblasts (54), or in a reversible manner in
response to temporary changes in tissue strain (55).
During acupuncture needle manipulation, pulling of
collagen may cause reversible contraction of large
numbers of fibroblasts near the acupuncture needle.
This is supported by the phenotypic change in connective tissue fibroblasts after needle rotation shown in Fig.
4. Local tissue contraction may contribute to the phenomenon of needle grasp and to the tugging sensation
felt by the acupuncturist. Furthermore, the contraction
of fibroblasts itself would cause further pulling of
collagen fibers, resulting in a ‘wave’ of matrix deformation and cell contraction spreading away from the
needle through interstitial connective tissue (Fig. 5).
Patients frequently report a slow spreading of de qi
sensation along acupuncture meridians (6). Acupuncture points and meridians typically are located between
muscles or between a muscle and a tendon or bone (1,
56). The ancient maps of acupuncture points and

Interstitial connective tissue network
The effect of mechanical forces on mesenchymal tissues has been studied extensively in tendon, ligaments,
joint capsules, dermis, cartilage, and bone (48 –51).
Interstitial connective tissues, on the other hand, have
so far received relatively little attention. These connective tissues constitute a network throughout the body,
including intermuscular and s.c. tissue planes, and are
continuous with more specialized connective tissues
such as perimysium, periosteum, pleura, and peritoneum. Interstitial connective tissues also constitute the
milieu surrounding nerves, blood vessels, and lymphatics. Modification of interstitial connective tissue therefore may have important biomechanical, vasomotor
and neuromodulatory effects.
Contraction of interstitial connective tissue has been
documented during wound healing, tissue remodeling,
and fibrotic processes. During these types of contractions, fibroblasts undergo phenotypic changes occurring over days to years involving the expression of
different actin isoforms and formation of ‘myofibroblasts’ (52). Rapid reversible contraction of fibroblasts,
accompanied by phenotypic changes occurring over
minutes, is well documented in vitro and involves
polymerization of soluble actin and formation of actin
stress fibers (53). These cytoskeletal changes are also
MECHANISM OF ACUPUNCTURE

Figure 5. Hypothesis summary. Proposed mechanical signal
transduction and downstream effects of acupuncture needle
manipulation at gross and microscopic levels. Gray shaded
areas represent deep connective tissue planes of the upper
arm. The acupuncture needle is inserted on the lateral
border of the biceps. Red arrows represent pulling of connective tissue and matrix deformation during acupuncture
needle manipulation. The ‘Lung’ acupuncture meridian is
located along the lateral border of the biceps and may
coincide with some of the outlined connective tissue planes.
2279

meridians may essentially be a guide to insert the
needle into connective tissue. Spreading of matrix
deformation and cell activation along connective tissue
planes thus may mediate acupuncture effects remote
from the acupuncture needle site (Fig. 5).

followed by altered gene expression, protein synthesis,
and extracellular matrix modification, may ensue after
a certain time delay and last hours to days; and 4)
subsequent stimulation of these connective tissue sensory receptors by body movement may be modulated by
this sequence of events.

Sensory afferent stimulation
Neuromodulation
Different types of sensory receptors may be stimulated
directly as a result of the matrix deformation generated
by acupuncture needle manipulation. A study by Wang
et al. (57) reported an association between stimulation
of group III muscle afferents and sensations of heaviness, distention, and aching typically associated with de
qi. This study has been quoted as evidence that the
sensation perceived during de qi is due to a contraction
of muscle (7). However, group III muscle afferents are
found in perimuscular fascia and the adventitia of
muscle blood vessels and respond to a variety of stimuli
including pressure, stretch, and mechanical stimulation of the muscle surface (58), which could occur as a
result of mechanical connective tissue matrix deformation. Group III muscle afferents, along with various
other types of sensory receptors present within connective tissue, may therefore be activated directly as a result
of the mechanical signal generated by needle manipulation. In addition to group III muscle afferents, other
types of sensory receptors and primary afferent nerve
fibers are known to transmit mechanosensory information in s.c. and deep connective tissues, and may be
stimulated by connective tissue matrix deformation.
Both slow-adapting (SA II) and fast-adapting (FA II)
mechanoreceptive afferents have been described in
dermis, s.c. tissue, and interstitial connective tissue
planes. SA II receptors respond to both pressure and
stretch and consist of bundles of collagen fibers with
sensory axons branching between collagen fibrils
(Ruffini endings). FA II receptors are associated with
Pacinian corpuscles and most effectively transmit a
sensation of vibration. Two main types of nociceptors
can also transmit mechanosensory information in skin
and deep connective tissues. A␦ mechanical nociceptors give rise to small myelinated fibers and are thought
to respond to damaging mechanical stimuli, though
the threshold for these receptors vary, many being in
the innocuous range (59). Finally, C polymodal nociceptors give rise to small unmyelinated fibers and
respond to noxious mechanical, thermal, and chemical
stimuli.
Acupuncture needle manipulation therefore may
(via connective tissue matrix deformation) cause stimulation of a wide variety of sensory mechanoreceptors
and/or nociceptors.
The importance of this effect is that 1) connective
tissue matrix deformation may not be restricted to the
area of the needle, but may spread along interstitial
connective tissue planes; 2) a wave of sensory receptor
activation occurring over seconds to minutes may simultaneously follow the mechanical signal away from
the needle site; 3) a second wave of cellular activation,
2280
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Whether the sensation evoked by stimulation of various
types of sensory receptors is experienced as pain (or
not) depends not only on the type of receptor, but also
on the status of the tissue and of synaptically related
spinal cord neurons. Peripheral sensitization of primary afferents or changes in central synapses can
contribute to an increased pain sensation (60). It is now
widely accepted that target organs can influence the
neurons that innervate them. Peripheral tissue factors
known to influence sensory input include tissue perfusion and inflammatory mediators (61). Tissue perfusion is itself regulated by a complex interplay of autonomic, hormonal, and local controls (62, 63). In
connective tissue, fibroblasts and collagen matrix are
the underlying milieu in which these regulatory events
take place. This connective tissue milieu has the property of responding to mechanical signals such as those
produced by acupuncture needle manipulation. The
effect of acupuncture needle manipulation on blood
flow, cytokines, and/or growth factors may result in
long-term modulation of sensory information. This may
influence whether or not sensations generated by
stretching of connective tissue during body movements
are perceived as pain. The delayed cellular and molecular events triggered in connective tissue by acupuncture needle manipulation may therefore modulate processing of mechanical sensory stimuli that occur hours
to days later.
Link to measurable clinical effects
Pain is a subjective symptom that is notoriously difficult
to quantify, and the therapeutic effect of acupuncture
in general has been difficult to study under placebocontrolled conditions (3, 5). Changes in tissue perfusion, pH, cytokines, or growth factors, however, can be
studied objectively using techniques such as laser Doppler fluxmetry, isotope washout methods and microdialysis. These techniques may provide objective evidence
of prolonged connective tissue changes after acupuncture treatments both near and distant from the needle
along connective tissue planes. The connective tissue
environment surrounding nerves, blood vessels, and
lymphatics may play an important and largely unexplored role in various types of chronic pain. The effects
of acupuncture on connective tissue may therefore be
important from the point of view of 1) establishing a
mechanism linking acupuncture needle manipulation
to a therapeutic effect, 2) providing biological markers
of the effect of acupuncture that can be used in clinical
trials, and 3) understanding the role played by connec-
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tive tissue in the pathogenesis of chronic pain syndromes.
In summary, the insertion and manipulation of acupuncture needles may have both local and remote
therapeutic effects based on the same underlying
mechanism: mechanical coupling of needle to connective tissue, winding of tissue around the needle, generation of a mechanical signal by pulling of collagen
fibers during needle manipulation, and mechanotransduction of the signal into cells. Downstream effects of
this mechanical signal may include cell secretion, modification of extracellular matrix, amplification and
propagation of the signal along connective tissue
planes, and modulation of afferent sensory input via
changes in the connective tissue milieu (Fig. 5).
We propose that mechanical signal transduction is a
common mechanism underlying the effects of a variety
of acupuncture needling methods. Modern acupuncture techniques using electrical stimulation may have
additional effects through prolonged stimulation of
nerves or muscle. However, de qi is a common denominator to both traditional and modern acupuncture
treatments. Indeed, documentation of de qi is used as a
criterion for evaluating the adequacy of both manual
and electrical acupuncture treatments in clinical trials
(64, 65). Acupuncture needle rotation (either uni- or
bidirectional) may be important to initiate needle
grasp, but other types of needle manipulation such as
pistoning may also effectively transmit a mechanical
signal to cells once needle grasp has been initiated.
Transduction of the mechanical signal into cells with
subsequent cellular response and downstream effects
may explain the perplexing claim that acupuncture
treatments have long term effects lasting for days to
weeks and even permanently.
Traditional acupuncture theory is based on empirical
observations first made over 2000 years ago that so far
have remained without solid scientific validity. The field
of mechanotransduction may now provide scientific
grounding for this ancient form of therapy. In return,
acupuncture may provide an important clinical application for the current explosion in basic knowledge of
the powerful and diverse biological effects of mechanical signaling.
This work was funded in part by the NIH Center for
Complementary and Alternative Medicine Grant #R21
AT00300. We thank Jason A. Yandow and Marilyn Wadsworth
for technical assistance as well as Gary J. Nelson for help with
illustrations. We also thank Drs. James L. Oschman, Deborah
A. Cook and Douglas J. Taatjes for their expert advice.

4.
5.
6.
7.
8.

9.
10.
11.
12.
13.
14.
15.

16.
17.
18.
19.
20.
21.

22.
23.
24.

25.
26.

REFERENCES
Cheng, X. (1987) Chinese Acupuncture and Moxibustion, Foreign
Language Press, Beijing
2. Cassidy, C. A. (1995) A survey of six acupuncture clinics:
demographic and satisfaction data. In Proceedings of the Third
Symposium of the Society for Acupuncture Research, pp. 1–27
3. (1997) Acupuncture. NIH Consensus Statement 15, 1–34

27.

1.

MECHANISM OF ACUPUNCTURE

28.
29.

Margolin, A., Avants, S. K., and Kleber, H. D. (1998) Investigating alternative therapies in randomized controlled trials. J. Am.
Med. Assoc. 280, 1626 –1628
Vincent, C. A., and Richardson, P. H. (1986) The evaluation of
therapeutic acupuncture: concepts and methods. Pain 24, 1–13
Shanghai College of Traditional Medicine. (1987) Acupuncture,
A Comprehensive Text, (Transl. O’Connor, J., and Bensky, D.)
Eastland Press, Seattle
Stux, G., and Pomeranz, B. (1995) Basics of Acupuncture, Springer-Verlag, Berlin
Gunn, C. C., Ditchburn, F. G., King, M. H., and Renwick, G. J.
(1976) Acupuncture loci: a proposal for their classification
according to their relationship to known neural structures.
Am. J. Chinese Med. 4, 183–195
Ulett, G. A., Han, S., and Han, J. S. (1998) Electroacupuncture:
mechanisms and clinical applications. Biol. Psychiatry 44, 129 –
138
Denmei, S. (1990) Introduction to Meridian Therapy: Classical
Japanese Acupuncture (originally published as Kei Raku Chiryo no
Susume), Eastland Press, Seattle
Helms, J. M. (1995) Acupuncture Energetics—A Clinical Approach
for Physicians, Medical Acupuncture Publishers, Berkeley
Yang, J. (1601) The Golden Needle and Other Odes of Traditional
Acupuncture (Bertschinger, R., transl. 1991) Churchill Livingstone, Edinburgh
Anonymous (circa 300 B.C.) The Complete Translation of the Yellow
Emperor’s Classic of Internal Medicine (Lu, H.C., transl. 1994),
Academy of Oriental Heritage, Vancouver
Gunn, C. C., and Milbrandt, W. E. (1977) The neurological
mechanism of needle grasp in acupuncture. Am. J. Acupunct. 5,
115–120
Kimura, M., Tohya, K., Kuroiwa, K., Oda, H., Gorawski, E. C.,
Hua, Z. X., Toda, S., Ohnishi, M., and Noguchi, E. (1992)
Electron microscopical and immunohistochemical studies on
the induction of ‘qi’ employing needling manipulation. Am. J.
Chinese Med. 20, 25–35
Langevin, H. M., Churchill, D. L., Fox, J. R., Badger, G. J., Garra,
B. S., and Krag, M. H. (2001) Biomechanical response to
acupuncture needling in humans. J. Appl. Physiol. In press
Hibbeler, R. C. (1995) Engineering Mechanics—Statics and Dynamics, Prentice-Hall, Englewood Cliffs, N.J.
Aumailley, M., and Gayraud, B. (1998) Structure and biological
activity of the extracellular matrix. J. Mol. Med. 76, 253–265
Chicurel, M. E., Chen, C. S., and Ingber, D. E. (1998) Cellular
control lies in the balance of forces. Curr. Opin. Cell Biol. 10,
232–239
Giancotti, F. G., and Ruoslahti, E. (1999) Integrin signaling.
Science 285, 1028 –1032
Burridge, K., Fath, K., Kelly, T., Nuckolls, G., and Turner, C.
(1988) Focal adhesions: transmembrane junctions between the
extracellular matrix and the cytoskeleton. Annu. Rev. Cell Biol. 4,
487–525
Muller, J. M., Chilian, W. M., and Davis, M. J. (1997) Integrin
signaling transduces shear stress-dependent vasodilatation of
coronary arterioles. Circ. Res. 80, 320 –326
Clark, E. A., and Brugge, J. S. (1995) Integrins and signal
transduction pathways: the road taken. Science 268, 233–239
Banes, A. J., Tsuzaki, M., Yamamoto, J., Fischer, T., Brigman, B.,
Brown, T., and Miller, M. (1995) Mechanoreception at the
cellular level: the detection, interpretation and diversity of
responses to mechanical signals. Biochem. Cell Biol. 73, 349 –365
Dartsch, P. C., and Hammerle, H. (1986) Orientation response
of arterial smooth muscle cells to mechanical stimulation. Eur.
J. Cell Biol. 41, 339 –346
Sumpio, B. E., Banes, A. J., Buckley, M., and Johnson, G. (1988)
Alterations in aortic endothelial cell morphology and cytoskeletal protein synthesis during cyclic tensional deformation.
J. Vasc. Surg. 7, 130 –138
Glogauer, M., Arora, P., Yao, G., Sokholov, I., Ferrier, J., and
McCulloch, C. A. G. (1997) Calcium ions and tyrosine phosphorylation interact coordinately with actin to regulate cytoprotective responses to stretching. J. Cell Sci. 110, 11–21
Heidemann, S. R., Kaech, S., Buxbaum, R. E., and Matus, A.
(1999) Direct observations of the mechanical behaviors of the
cytoskeleton in living fibroblasts. J. Cell Biol. 145, 109 –122
Maniotis, A. J., Chen, C. S., and Ingber, D. E. (1997) Demonstration of mechanical connections between integrins, cytoskel-

2281

30.
31.
32.
33.
34.

35.

36.

37.
38.

39.

40.
41.

42.
43.
44.

45.

46.

2282

etal filaments, and nucleoplasm that stabilize nuclear structure.
Proc. Natl. Acad. Sci. USA 94, 849 – 854
Harris, A. K., Wild, P., and Stopak, D. (1980) Silicone rubber
substrata: a new wrinkle in the study of cell locomotion. Science
208, 177–179
Chiquet, M. (1999) Regulation of extracellular matrix gene
expression by mechanical stress. Matrix Biol. 18, 417– 426
Wang, N., Butler, J. P., and Ingber, D. E. (1993) Mechanotransduction across the cell surface and through the cytoskeleton.
Science 260, 1224 –1227
Williams, B. (1998) Mechanical influences on vascular smooth
muscle cell function. J. Hypertens. 16, 1921–1929
Chiquet-Ehrismann, R., Tannheimer, M., Koch, M., Brunner,
A., Sprin, J., Martin, D., Baumgartner, S., and Chiquet, M.
(1994) Tenascin-C expression by fibroblasts is elevated in
stressed collagen gels. J. Cell Biol. 127, 2093–2101
Bao, X., Clark, C. B., and Frangos, J. A. (2000) Temporal
gradient in shear-induced signaling pathway: involvement of
MAP kinase, c-fos and connexin43. Am. J. Physiol. 278, H1598 –
H1605
Gan, L., Doroudi, R., Hagg, U., Johansson, A. M., Selin-Sjogren,
L., and Jern, S. (2000) Differential immediate-early gene responses to shear stress and intraluminal pressure in intact
human conduit vessels. FEBS Lett. 477, 89 –94
Rosenfeldt, H., Lee, D. J., and Grinnell, F. (1998) Increased
c-fos mRNA expression by human fibroblasts contracting
stressed collagen matrices. Mol. Cell Biol. 18, 2659 –2667
van Wamel, A. J., Ruwhof, C., van der Valk-Kokshoorn, L. J.,
Schrier, P. I., and van der Laarse, A. (2000) Rapid effects of
stretched myocardial and vascular cells on gene expression of
neonatal rat cardiomyocytes with emphasis on autocrine and
paracrine mechanisms. Arch. Biochem. Biophys. 381, 67–73
Pavalko, F. M., Chen, N. X., Turner, C. H., Burr, D. B., Atkinson,
S., Hsieh, Y. F., Qiu, J., and Duncan, R. L. (1998) Fluid
shear-induced mechanical signaling in MC3T3–E1 osteoblasts
requires cytoskeleton-integrin interactions. Am. J. Physiol. 275,
C1591–C1601
Ziegler, T., Silacci, P., Harrison, V. J., and Hayoz, D. (1998)
Nitric oxide synthase expression in endothelial cells exposed to
mechanical forces. Hypertension 32, 351–355
Pirola, C. J., Wang, H. M., Strgacich, M. I., Kamyar, A., Cerek, B.,
Forrester, J. S., Clemens, T. L., and Fagin, J. A. (1994) Mechanical stimuli induce vascular parathyroid hormone-related protein gene expression in vivo and in vitro. Endocrinology 134,
2230 –2236
Wilson, E., Vives, F., Collins, T., and Ives, H. E. (1998) Strainresponsive regions in the platelet-derived growth factor-A gene
promoter. Hypertension 31, 170 –175
Gutierrez, J. A., and Perr, H. A. (1999) Mechanical stretch
modulates TGF␤1 and ␣1(I) collagen expression in fetal human
intestinal smooth muscle cells. Am. J. Physiol. 40, G1074 –G1080
O’Callahan, C. J., Gallacher, B., and Williams, B. (2000) Mechanical strain increases TGF␤1 mRNA expression and matrix
production by human vascular smooth muscle cells. Hypertension
36, 319
Tyagi, S. C., Lewis, K., Pikes, D., Marcello, A., Mujumdar, V. S.,
Smiley, L. M., and Moore, C. K. (1998) Stretch-induced membrane type matrix metalloproteinase and tissue plasminogen
activator in cardiac fibroblast cells. J. Cell. Physiol. 176, 374 –382
Daifostis, A. G., Weir, E. C., Dreyer, B. E., and Broadus, A. E.
(1992) Stretch-induced parathyroid hormone-related peptide

Vol. 15

October 2001

47.
48.
49.
50.
51.
52.

53.
54.

55.
56.
57.

58.
59.
60.
61.
62.
63.

64.
65.

gene expression in the rat uterus. J. Biol. Chem. 267, 23455–
23458
Brand, R. A. (1997) What do tissues and cells know of mechanics? Ann. Med. 29, 267–269
Duncan, R. L., and Turner, C. H. (1995) Mechanotransduction
and the functional response of bone to mechanical strain. Calcif.
Tissue Int. 57, 344 –358
Ryan, T. J. (1989) Biochemical consequences of mechanical
forces generated by distention and distortion. J. Am. Acad.
Dermatol. 21, 115–130
Stoltz, J. F., Dumas, D., Wang, X., Payan, E., Mainard, D., Paulus,
F., Maurice, G., Netter, P., and Muller, S. (2000) Influence of
mechanical forces on cells and tissues Biorheology 37, 3–14
Tillman, L. J., and Cummings, G. S. (1992) Biologic mechanisms of connective tissue mutability. In Dynamics of Human
Biologic Tissues, pp.1– 44, F. A. Davis, Philadelphia
Desmouliere, A., and Gabbiani, G. (1994) Modulation of fibroblastic cytoskeletal features during pathological situations: the
role of extracellular matrix and cytokines. Cell. Motil. Cytoskel.
29, 195–203
Kolodney, M. S., and Wysolmersky, R. B. (1992) Isometric
contraction by fibroblasts and endothelial cells in tissue culture:
a quantitative study. J. Cell Biol. 117, 73– 82
Sappino, A. P., Schurch, W., and Gabbiani, G. (1990) Differentiation repertoire of fibroblastic cells: expression of cytoskeletal
proteins as marker of phenotypic modulations. Lab. Invest. 63,
144 –161
Sugimoto, K., Fujii, S., and Yamashita, K. (1991) Expression of
stress fibers in bullfrog mesothelial cells in response to tension.
Exp. Cell Res 196, 353–361
Worsley, J. R. (1982) Traditional Chinese Acupuncture Volume 1,
Meridians and Points, Element Books, Tisbury
Wang, K., Yao, S., Xian, Y., and Hou, Z. (1985) A study on the
receptive field of acupoints and the relationship between characteristics of needling sensation and groups of afferent tissues.
Scientia Sinica 28, 963–971
Bessou, P., and Laporte, Y. (1961) Etude des recepteurs musculaires innerves par les fibres afferents du groupe III (fibres
myelinisees fines) chez le chat. Arch. Ital. Biol. 99, 293–321
Willis, W. D., and Coggeshall, R. E. (1991) Sensory Mechanisms of
the Spinal Cord, Plenum Press, New York
Dubner, R., and Ruda, M. A. (1992) Activity dependent neuronal plasticity following tissue injury and inflammation. Trends
Neurosci. 15, 96 –103
Levine, J. D., Fields, H. L., and Basbaum, A. I. (1993) Peptides
and the primary afferent nociceptor. J. Neurosci. 13, 2273–2286
Appenzeller, O. (1994) The Autonomic Nervous System, Elsevier,
Amsterdam
Pohl, U., and de Wit, C. (1996) Interaction of nitric oxide with
myogenic and adrenergic vasoconstrictor processes in the control of microcirculatory blood flow. Eur J. Physiol. 432, R107–
R110
Ezzo, J., Berman, B., Hadhazy, V. A., Jadad, A. R., Lao, L., and
Singh, B. B. (2000) Is acupuncture effective for the treatment of
chronic pain? A systematic review. Pain 86, 217–225
White, A. R., and Ernst, E. (1998) A trial method for assessing
the adequacy of acupuncture treatments. Alt. Ther. 4, 66 –71

The FASEB Journal

Received for publication March 13, 2001.
Revised for publication June 20, 2001.

LANGEVIN ET AL.

