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Abstract

Background Proliferative therapy, or prolotherapy, is a

controversial treatment method for many connective tissue

injuries and disorders. It involves the injection of a pro-

liferant, or irritant solution, into the site of injury, which

causes small-scale cell death. This therapeutic trauma is

theorized to initiate the body’s wound-healing cascade,

perhaps leading to tissue repair. The immediate effects of

many of these proliferants are poorly characterized, as are

the cellular responses to them; here, we sought to evaluate

the immediate effects of two common proliferants (dex-

trose and P2G, a combination of phenol, glucose, and

glycerin) on the cellular response of human tenocytes, and

begin to explicate the mechanisms with which each pro-

liferant functions.

Questions/purposes We asked: What are the effects of

treating cultured tenocytes with proliferative treatment

agents on their (1) cellular metabolic activity, (2) RNA

expression, (3) protein secretion, and (4) cell migration?

Methods Using human hamstring and Achilles tendon

cells, we attempted to answer our research questions. We

used a colorimetric metabolic assay to assess the effect of

dextrose and P2G proliferant treatment on cell mitochon-

drial activity compared with nontreated tenocytes. Next,

using quantitative PCR, ELISA, and a reporter cell line, we

assessed the expression of several key markers involved in

tendon development and inflammation. In addition, we

used a scratch wound-healing assay to evaluate the effect

of proliferant treatment on tenocyte migration.
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Results Results showed that exposure to both solutions

led to decreased metabolic activity of tenocytes, with P2G

having the more pronounced effect (75% ± 7% versus 95%

± 7% of untreated control cell metabolic levels) (ANOVA;

p \ 0.01; mean difference, 0.202; 95% CI, 0.052–0.35).

Next, gene expression analysis confirmed that treatment led

to the upregulation of key proinflammatory markers

including interleukin-8 and cyclooxygenase-2 and down-

regulation of the matrix marker collagen type I.

Furthermore, using a reporter cell line for transforming

growth factor-b (TGF-b), a prominent antiinflammatory

marker, we showed that treatments led to decreased TGF-b
bioactivity. Analysis of soluble proteins using ELISA

revealed elevated levels of soluble prostaglandin E2

(PGE2), a prominent inducer of inflammation. Finally, both

solutions led to decreased cellular migration in the

tenocytes.

Conclusions Taken together, these results suggest that

prolotherapy, more so with P2G, may work by decreasing

cellular function and eliciting an inflammatory response in

tenocytes. Additional studies are needed to confirm the

cellular signaling mechanisms involved and the resulting

immediate response in vivo.

Clinical Relevance If these preliminary in vitro findings

can be confirmed in an in vivo model, they may provide

clues for a possible cellular mechanism of a common

alternative treatment method currently used for certain soft

tissue injuries.

Introduction

Ligament and tendon healing from injury often is ham-

pered by incomplete healing and chronic tissue instability

[15, 27]. Both tissues are strong collagenous structures that

operate primarily in tension and are integral in body

locomotion. Because of their structure, function, and

composition, these tissues often are regarded as mostly

avascular and therefore lack robust healing capabilities

[8, 18, 32]. To address this, several approaches to repair

that seek to decrease healing time and increase tissue

biomechanical properties have been investigated. Con-

ventional modalities including drug therapy (NSAIDs,

corticosteroid injections, analgesics) and rest, ice, com-

pression, and elevation have been met with their associated

drawbacks [15, 23]. Because of this, alternative approaches

have garnered increasing attention.

Proliferative therapy or prolotherapy is a controversial,

nonsurgical approach that has been proposed for ligament

and tendon injury [9]. The treatment involves injection of a

proliferant (or irritant solution) into the damaged or lax

connective tissue [10, 11, 28]. Originally used in the 1950s

in the clinic by Dr. George Hackett as a method to tighten

loose ligaments [11, 12], it is theorized that the proliferant

initiates a local inflammatory response, accompanied by

cell death and the release of chemotactic factors and

inflammatory mediators to initiate the body’s wound-

healing cascade. During progression of this cascade, it is

presumed by some [2] that cell death leads to the release of

factors such as prostaglandins, thromboxanes, and leuko-

treines, which recruit inflammatory cells. Granulocytes and

macrophages from the initial stage of inflammation may

release factors that attract and activate fibroblasts. These

fibroblasts deposit new collagen at the wound site, which

eventually matures and contracts, and may cause the liga-

ment or tendon to tighten and strengthen. Commonly used

proliferant agents include dextrose, phenol, glucose, glyc-

erin, and morrhuate sodium used either alone or in

combination (one common combination is P2G, which is

comprised of phenol, glycerin, and glucose). Systematic

reviews and meta-analyses on the clinical efficacy of pro-

lotherapy have found very few rigorous studies, with a

majority of studies having a high risk of bias, small treat-

ment effect sizes, and short study durations [3, 17, 29, 31].

Prolotherapy has been reported to be used for various

musculoskeletal ailments, but is most commonly used in

the clinic to tighten lax joints and treat overuse tendon

injuries. The therapy is practiced worldwide, especially in

primary care, although investigations into the mechanisms

behind the treatment’s healing have yielded inconsistent

results [10, 14, 15, 28]. Unfortunately, very little to virtu-

ally no research exists regarding the in vitro cellular

response of proliferants in clinical use [10]. Previous

in vitro work by our group determining the effect of P2G

on prominent extracellular matrix-building cells showed

that the local response to prolotherapy of resident fibrob-

lasts and osteoblasts in the tissue may not be adequate for

complete healing, making assistance from the body’s

wound-healing cascade necessary [10]. More specifically,

P2G treatments can lead to recoverable cell death and

collagen deposition. However, the response from treatment

groups never surpassed controls, suggesting that the local

response of resident cells may be insufficient for complete

tissue healing in vivo. These initial results warranted fur-

ther investigation into understanding the proliferant-

induced cell response with a special focus on the imme-

diate cascade of events (within 1 day). Considering such, it

would be valuable to ascertain the theorized underlying

molecular mechanisms leading to the prolotherapy-induced

inflammatory response in vitro.

The objective of our study was to assess the immediate

cellular response of prolotherapy. We investigated the

effects of two common proliferant drugs, dextrose (or d-

glucose) and P2G, on the cellular response to prolotherapy.
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We theorized that both proliferants will induce consider-

able changes in cellular response that ultimately lead to cell

death and induction of inflammation in vitro. We asked the

following questions: What are the effects of treating cul-

tured tenocytes with proliferative treatment agents on (1)

cellular metabolic activity of cultured tenocytes, (2)

mRNA expression, (3) protein secretion, and (4) cell

migration?

Materials and Methods

Study Overview

The goal of our study was to characterize the immediate

cellular response to prolotherapy in vitro. To answer our

research questions, we designed an in vitro experimental

protocol and used a human tendon cell culture model

(Fig. 1). Experimental groups included cells treated with

two different proliferant agents and an untreated control

population. For our first question regarding the effects of

prolotherapy treatment on tenocyte metabolic activity, we

used a fluorometric assay, which measures the mitochon-

drial activity of cultured cells. To answer our next question

regarding the effect of prolotherapy on the immediate

expression and production of key markers involved in

tendon development and inflammation, we used quantita-

tive PCR (qPCR), ELISA, and a transforming growth

factor-beta (TGF-b) reporter cell line. We began by

examining the mRNA expression of collagen types I and

III after treatment because they are the two main collagens

present in tendon tissue and are two appropriate markers of

tenogenic differentiation and identity. Next we evaluated

the mRNA expression of a small panel of inflammatory

mediators including cyclooxygenase-2 (COX-2), inter-

leukin (IL)-6, IL-8, and NFjb. The initial results were

further validated by assessing secreted levels of pros-

taglandin E2 (PGE2) and TGF-b1 using ELISA and the

bioactivity of the secretome using a TGF-b reporter cell

line. Finally, to answer our question concerning the effect

of prolotherapy treatment on the cellular migration of

tendon cells, we used a tenocyte scratch wound-healing

assay.

Proliferants

Two commonly used proliferants, 50% (v/v) dextrose and

P2G (a combination of 2% phenol, 25% glucose, and 25%

glycerin), in sterile water were obtained (Buderer Drug

Company, Perrysburg, OH, USA) and used for cellular

studies.

Cell Isolation and Culture

All procedures and studies were conducted with approval

from the Rutgers Environmental Health and Safety Office,

the Medical Ethical Research Committee at the Utrecht

Medical Center (The Netherlands), and Ludwig-Maximil-

ians-University (Munich, Germany). Following standard

written informed consent, human hamstring tendon sam-

ples were harvested from an adult patient undergoing ACL

reconstruction. After isolation, the tendons were rinsed

with sterile phosphate-buffered saline (PBS), excess mus-

cle tissue was carefully removed, and the tendon was cut

into smaller pieces. Next, the tendon pieces were cultured

in growth medium consisting of Dulbecco’s modified

Eagle’s medium (DMEM) (PAA Laboratories, Morn-

ingside, Queensland Australia) supplemented with 10%

fetal bovine serum (FBS) (Lonza, Basel, Switzerland), 100

U/mL penicillin and 100 lg/mL streptomycin (Gibco,

Fig. 1 The experimental over-

view of the study is shown.
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Grand Island, NY, USA), and 0.2 mmol/L ascorbic acid

(Sigma Aldrich, St Louis, MO, USA) for the cells to

migrate from the tissue pieces. Primary cells between

passages 2 and 4 were used for experiments. In addition to

using a primary human hamstring tendon isolation for

experiments, we also repeated our experiments with an

immortalized cell line from human Achilles tendon. For

generation of a tendon-derived stable cell line, tendon-

derived cells were obtained from human Achilles tendon

biopsy according to methods described by Kohler et al.

[16]. Lentivirus, expressing telomerase reverse transcrip-

tase (TERT), was produced as previously described [6] and

according to the manufacturer’s instructions in the Vir-

aPowerTM lentiviral expression system (Invitrogen,

Karlsruhe, Germany). The primary Achilles tendon cells

were infected at passage 4 with hTERT lentivirus (multi-

plicity of infection, 5 9 104) in the presence of 6 lg/mL

polybrene (Sigma, Munich, Germany). After a selection

with 10 lg/mL blasticidin (Invitrogen) for 7 days, the

transgene expression was validated by hTERT PCR as

described previously [6]. This new hTERT-immortalized

Achilles tendon cell line then was used for various analy-

ses. Both cell types were maintained in a-MEM at pH 7.6

supplemented with 1% penicillin and streptomycin and

10% FBS (Life Technologies, Carlsbad, CA, USA).

Experimental Design

Cells were seeded on tissue culture well plates at a density

of 5 9 103 cells/cm2 plate and allowed to adhere overnight

before treating with 0.024% (v/v) of P2G and dextrose.

This concentration was selected based on prior in vitro

work with prolotherapy [10]. After 6, 12, and 24 hours of

treatment, cell populations were evaluated using assays as

described subsequently. All comparisons are made between

an untreated control group and experimental groups (P2G

and dextrose). For conditioned medium studies, after 24

hours of treatment, the conditioned medium was collected

and stored at �80� C for further analysis of cell-secreted

products. All experiments were performed with biologic

replicates (n = 3) and each experiment was repeated at least

twice.

Cellular Metabolic Activity

Cell metabolic activity was evaluated using the fluoro-

metric PrestoBlue1 assay (Life Technologies). At each

time, each well was emptied and 10% (v/v) PrestoBlue

reagent in fresh cell culture medium was added to each

well. The plates were incubated for 1 hour followed by

measurements of fluorescence in technical duplicates at

560 nm excitation and 590 nm emission with a spec-

trophotometer (Tecan Schweiz AG, Mannedorf, Switzerland).

Fluorescent values for treatment groups were normalized to

control groups.

Real-time Quantitative Reverse Transcription-PCR

Analysis

For qPCR studies, total RNA was extracted with the

RNeasy1 Mini Kit (Qiagen, Valencia, CA, USA) accord-

ing to the vendor’s protocol. Isolated RNA was normalized,

then converted to cDNA using the Reverse Transcription

System (Promega Corporation, Madison, WI, USA). After

reverse transcription, the cDNA was combined with

SYBR1 Green Master Mix (Life Technologies), and the

primers for markers (Table 1) of interest then were sub-

jected to qPCR. Experiments were conducted with

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as

the housekeeping gene. Samples and reagents were sub-

jected to qPCR using the PikoRealTM PCR System

(Thermo Fisher, St Louis, MO, USA).

ELISA

Conditioned medium collected from hamstring tenocyte

cultures was analyzed for presence of two soluble factors.

ELISA kits for total TGF-b1 (Biolegend, San Diego, CA,

USA) and PGE2 (Cayman Chemical Co, Ann Arbor, MI,

USA) were obtained and used to assess levels of soluble

protein secreted by hamstring tenocytes after treatment

with proliferants. Assays were performed in technical

duplicate according to the manufacturer’s directions and

absorbance was quantified using a Molecular Devices

EMax1 microplate reader (Molecular Devices, Sunnyvale,

CA, USA).

TGF-b Bioactivity Assay

We used a TGF-b reporter cell line to screen for antiin-

flammatory effects of the proliferants. Transformed mink

lung cells, a kind gift from Daniel Rifkin PhD (Department

of Cell Biology, New York University, New York, NY,

USA), are cells that have been modified to produce luci-

ferase under activation of a TGF-b-responsive plasminogen

activator inhibitor-1 promoter [1, 34]. The cells were see-

ded in triplicate at 8 9 103/cm2 and allowed to attach

overnight in basic DMEM. Next, cells were exposed to

proliferants for 16 hours. At this point, the experiment was

stopped and cells were washed with PBS, lysed, and then

analyzed for luciferase activity using a standard luciferin
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substrate kit (Promega Corporation) and luminometer

(Tecan Schweiz AG).

Scratch Wound Healing Assay

Cell migration was assessed using the standard scratch

wound-healing assay. Briefly, 1 9 104 cells/cm2 human

Achilles tenocytes were seeded and allowed to reach con-

fluence. A scratch was induced across the cell monolayer

using a sterile 1-mL pipette tip. Afterward, culture medium

was replaced with fresh medium and cell populations were

treated with either P2G or dextrose. At various times, the

migration of cells while closing the ‘‘wound’’ was moni-

tored using light microscopy. For each sample, a total of

three images of the ‘‘wound’’ were taken in each of the

three regions (top, middle, bottom) of the well. Images

were analyzed using Image J (NIH, Bethesda, MD, USA).

Briefly, the area created by the ‘‘wound’’ was quantified by

measuring the number of corresponding pixels for each

image.

Statistical Analysis

All quantitative data are reported as mean ± SD. A one- or

two-way ANOVA was performed with a Bonferroni’s

multiple comparison post hoc test to compare proliferant

groups. A Student’s t-test was used for comparison of

control groups with each treatment group in the mRNA

expression experiments (GraphPad Prism Software 5.0;

GraphPad, La Jolla, CA, USA). Unless otherwise stated,

differences were reported as statistically significant when p

values were less than 0.05.

Results

Proliferant Effects on Cellular Metabolic Activity

In human hamstring and Achilles tenocyte cell lines, P2G

consistently produced greater reductions in cell metabolic

activity than did dextrose. For all times, the metabolic

activity of hamstring tenocyte populations treated with

Table 1. Primer sequences and product sizes for quantitative reverse transcription-PCR

Gene 5’ DNA sequence 3’ Product size (bp)

Collagen I

Forward 5’ GTCACCCACCGACCAAGAAACC 3’ 121

Reverse 5’ AAGTCCAGGCTGTCCAGGGATG 3’

Collagen III

Forward 5’ GCCAACGTCCACACCAAATT 3’ 88

Reverse 5’ AACACGCAAGGCTGTGAGACT 3’

Interleukin-1b

Forward 5’ TCCCCAGCCCTTTGTTGA 3’ 91

Reverse 5’ TTAGAACCAAATGTGGCCGTG 3’

Interleukin-6

Forward 5’ GGCACTGGCAGAAAACAACC 3’ 85

Reverse 5’ GCAAGTCTCCTCATTGAATCC 3’

Interleukin-8

Forward 5’ CTGGCCGTGGCTCTCTTG 3’ 69

Reverse 5’ CCTTGGCAAAACTGCACCTT 3’

NFjB-1

Forward 5’ ATGTATGTGAAGGCCCATCC 3 105

Reverse 5’ TTGCTGGTCCCACATAGTTG 3’

Cyclooxygenase-2*

Commercially QT00040586

Available

GAPDH

Forward 5’ ACAACTTTGGTATCGTGGAA ‘3 458

Reverse 5’ AAATTCGTTGTCATACCAGG ‘3

GAPDH = glyceraldehyde 3-phosphate dehydrogenase; *Qiagen, Valencia, CA, USA.
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P2G was lower compared with populations treated with

dextrose (Fig. 2A). The mean metabolic activity of ham-

string tenocyte populations reached lowest levels after 12

hours for P2G at 64% (SD, ± 4) and dextrose at 85% (SD,

± 2) of control levels (mean difference, 0.206; 95% CI,

0.144–0.268; p \ 0.001). Additionally, Achilles tenocyte

populations showed lower metabolic activity when treated

with P2G, and after 24 hours showed no signs of recovery

after treatment with P2G (Fig. 2B). The mean difference

between the control and P2G-treated groups at 24 hours

was 0.2348 (95% CI, 0.1355–0.3342; p\ 0.001).

Proliferant Effects on Tenocyte mRNA Expression

Within 6 hours, P2G treatment induced decreases in the

mRNA expression of collagen type I in hamstring tendon

cells, whereas neither proliferant had any detectable effects

on the expression of collagen type III (Fig. 3A). For col-

lagen type I mRNA in hamstring tenocytes, the mean

relative expression of P2G and dextrose-treated cells were

0.48- (SD, ± 0.18) and 0.44-fold (SD, ± 0.04), respec-

tively. The mean difference between the control and P2G

groups was 0.532-fold (95% CI, 0.197–0.868-fold; p \
0.05). Additionally, in Achilles tenocyte populations, P2G

and dextrose treatment led to decreases in collagen type I

mRNA expression, whereas only dextrose led to a decrease

in collagen type III mRNA expression (Fig. 3B). For col-

lagen type I expression in Achilles tenocytes, the mean

relative expression of P2G and dextrose-treated cells were

0.51-(SD, ± 0.09) and 0.40- (SD, ± 0.04), respectively.

The mean difference between the control and P2G groups

was 0.497-fold (95% CI, 0.221- 0.773-fold; p\0.05). The

mean difference between the control and dextrose groups

was 0.611-fold (95% CI, 0.335–0.887-fold; p\ 0.01). For

collagen type III expression in Achilles tenocytes, the mean

relative expression of P2G and dextrose-treated cells were

0.76-fold (SD, ± 0.12) and 0.37-fold (SD, ± 0.03),

respectively. The mean difference between the control and

dextrose-treated groups was �0.637-fold (95% CI, �0.821

to 0.455-fold; p\ 0.001).

Furthermore, within 6 hours in the dextrose-treated

populations there was a decrease in mean relative IL-8 and

Fig. 2A–B Prolotherapy decreases metabolic activity in human

tenocytes. The normalized cell metabolic activity of (A) hamstring

tendon tenocytes and (B) Achilles tenocytes during 24 hours of

treatment with proliferants was determined. Fluorescent values were

normalized to nontreated control populations (dotted line at 1.0) (*p\
0.05, �p\ 0.01, �p\ 0.001).

Fig. 3A–B Prolotherapy decreases mRNA expression of collagen.

The mRNA expression of (A) hamstring tendon and (B) Achilles

tenocytes was determined after 6 hours of proliferant exposure (*p\
0.05, �p\ 0.01, �p\ 0.001).
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NFjB-1 mRNA expression (0.29 ± 0.13- and 0.60 ± 0.01-

fold, respectively) of hamstring tenocytes, whereas P2G

treatment increased the relative mRNA expression of

COX-2 and IL-8 by 18.56 ± 6.69- and 22.46 ± 91-fold,

respectively (Fig. 4A). The mean differences between the

control and dextrose-treated groups for IL-8 and NFjB-1

were �0.399-fold (95% CI, �0.7835 to �0.0151-fold; p\
0.05) and �0.732-fold (95% CI, �1.24 to �0.225-fold; p\
0.05), respectively. The mean difference between the

control and P2G-treated groups in relative expression of

COX-2 mRNA was 17.5-fold (95% CI, 1.02–33.98; p \
0.05). The mean difference in this comparison for IL-8

expression was 21.45-fold (95% CI, �1.18 to 44.09; p \
0.01). In Achilles tenocyte populations, dextrose and P2G

caused a decrease in the mRNA expression of NFjB-1

(0.16 ± 0.13- and 0.48 ± 0.08-fold, respectively). The

mean difference between the control and dextrose-treated

groups was �0.846-fold (95% CI, �1.14 to �0.552-fold; p

\ 0.01). The mean difference between the control and

P2G-treated groups was �0.525-fold (95% CI, �0.766 to

�0.283-fold; p \ 0.01). In addition, there was an

upregulation of COX-2, IL-6, and IL-8 after treatment with

dextrose (5.33 ± 0.86-, 2.13 ± 0.33-, and 3.83 ± 0.97-fold,

respectively), whereas P2G-upregulated COX-2 and IL-8

(7.06 ± 2.40- and 14.52 ± 4.99- fold, respectively)

(Fig. 4B). The mean difference between the control and

dextrose-treated groups in the relative expression of COX-

2 mRNA was 4.34-fold (95% CI, 2.22- 6.457-fold; p \
0.001). The mean difference for this comparison for IL-6

was 1.11-fold (95% CI, 0.437 �1.78-fold; p \ 0.05) and

for IL-8 was 2.83-fold (95% CI, 1.22–4.44-fold; p\0.01).

The mean difference between the control and P2G-treated

groups in the relative expression of COX-2 was 6.06-fold

(95% CI, 2.21- 9.91-fold; p\0.05) and for IL-8 was 13.5-

fold (95% CI, 5.52–21.5-fold; p\ 0.01).

Proliferant Effects on Tenocyte Secretion

Evaluation of soluble levels of PGE2 showed that P2G-

treated hamstring tendon cells produced higher levels of

PGE2 compared with dextrose-treated and control ham-

string tenocyte populations (76.18 ± 24.65 versus 81.28 ±

15.15 versus 401.21 ± 93.60 pg/mL, respectively; p \
0.01) (Fig. 5A). Mean differences for comparing the P2G-

treated group with the control and dextrose-treated groups

were �325 pg/mL (95% CI, �466.7 to �183.3 pg/mL; p\
0.01) and �319.9 pg/mL (95% CI, �461.6 to �178.2 pg/

mL; p\0.01), respectively. After assessment of total TGF-

b1, results did not show a considerable change in protein

levels after treatment with proliferants (Fig. 5B). We then

directly assessed the potential of treatments on directly

inducing TGF-b activity. Additional screening with a TGF-

b reporter cell line revealed that after 16 hours, both pro-

liferants induced decreased luminescence after treatment.

More specifically, P2G-treated cells exhibited the lowest

luminescence in comparison to control cells and dextrose-

treated populations (Fig. 5C). Relative luminescent unit

(RLU) values for control, dextrose-, and P2G-treated cell

populations were 17.8 ± 3.60, 15.7 ± 3.20, and 9.14 ±

3.61 RLU, respectively. The mean difference for compar-

ing the control and P2G-treated groups was 8.63 RLU

(95% CI, 3.42–13.8 RLU; p\ 0.01). The mean difference

for comparing the dextrose and P2G-treated groups was

6.51 RLU (95% CI, 1.30–11.7 RLU; p\ 0.05).

Proliferant Effects on Tenocyte Migration

In human hamstring and Achilles tendon cell populations,

prolotherapy treatment with P2G and dextrose led to a

decrease in cell migration (Fig. 6A, B). After 24 hours of

treatment, the scratch assay revealed differences in residual

scratch width among the untreated control, P2G, and

Fig. 4A–B Prolotherapy increases mRNA expression of proinflam-

matory markers. The mRNA expression of inflammatory markers was

determined in (A) hamstring tendon and (B) Achilles tenocytes after 6

hours of proliferant exposure (*p\ 0.05, �p\ 0.01, �p\ 0.001).
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dextrose groups (345 ± 109 versus 886 ± 196 versus 523

± 171 lm, respectively; p\ 0.001). Mean differences for

comparing the P2G-treated group with the control and

dextrose groups were 540.3 lm (95% CI, 330.7–749.9 lm)

and �361.8 lm (95% CI, �488.2 to �235.4 lm), respec-

tively. It appeared as if cell populations treated with

dextrose began to reclose the wound, whereas cells treated

with P2G showed less cell migration and a larger wound

area. Additionally, after 6 hours of treatment with both

proliferants, cells had mean cell migration rates of 73 ±9

lm/hour for control cells, 18 ± 17 lm/hour for dextrose-

treated cells, and 21 ± 37 lm/hour for P2G-treated cells (p

\ 0.01) (Fig. 6C). Mean differences for comparing the

untreated control group with the dextrose and P2G-treated

groups were 54.66 lm/hour (95% CI, 18.46–90.86 lm) and

51.6 lm/hour (95% CI, 15.4–87.8 lm), respectively.

Discussion

Prolotherapy is a commonly used, but controversial alter-

native treatment for connective tissue injury. Prior

investigations of the treatment’s efficacy and mechanisms

have been lacking. To begin to understand prolotherapy

and its clinical utility, we can start to elucidate the

immediate response of prolotherapy at the cellular level by

studying the effect of commonly used proliferant agents.

Our results revealed that both proliferant agents tested

(P2G and dextrose) led to immediate decreases in the

metabolic activity of cultured human tenocytes. In addi-

tion, treatment led to strong decreases in the mRNA

expression of extracellular matrix components collagen

types I and III. Concurrently, we observed differential

mRNA expression of COX-2, IL-6, and IL-8. Further

screening with a TGF-b reporter cell line revealed strong

decreases in TGF-b bioactivity after proliferant treatment.

Assessment for levels of soluble markers revealed elevated

levels of PGE2, the enzymatic product of COX-2 signaling,

after treatment with P2G. Cell migration analysis revealed

that prolotherapy decreased tenocyte migratory

capabilities.

There are several limitations to this study. First, it is an

in vitro study of cultured tenocytes. How live tendons

function in a live patient with a tendon injury is likely

different. It is possible that the in vivo response would

differ because of biologic factors present in the cellular

microenvironment and the tissue operating under physio-

logic conditions (eg, tissue biomechanics and fluid or blood

flow). However, we believe that studying how the cells

react in vitro is a key initial step to determining how these

treatments might work in the clinical setting. Another

limitation is that our experiments were performed on only

two different cell types. Albeit, different tendon types (and

even other cell types from surrounding tissues) may behave

in a different fashion. In fact, some of our results highlight

this at the cellular level. Although we have not studied

every possible tendon type, we offer important preliminary

evidence with these two tissue types at the in vitro cellular

level. Moreover, some of the more-dramatic responses seen

(downregulation of collagen type I mRNA, upregulation of

COX-2 mRNA after P2G treatment) were consistent

among both cell types studied. Furthermore, our in vitro

model focuses on the resident tissue cells (tendon cells)

responding to prolotherapy. To fully characterize the pro-

lotherapy-induced reponse in the tissue, additional work

regarding the effect of the cellular products generated by

prolotherapy-treated tendon cells on activating cultured

immune cells is necessary. These data would provide

important information regarding the type of localized

inflammatory response that would be expected in vivo.

Our first research question inquired about the effect of

prolotherapy on the metabolic activity of tendon cells. In

agreement with the central hypothesis behind prolotherapy,

both proliferants resulted in decreased cell activity levels

during treatment. Results showed that P2G induced much

lower cell activity than dextrose at every time assessed for

the hamstring tenocytes (Fig. 2A) and a similar trend was

seen for the Achilles tenocytes at 6 and 24 hours of

Fig. 5A–C Prolotherapy increases prostaglandin E2 (PGE2) and

decresases TGF-b1 secretion. The amounts of soluble (A) PGE2 and

(B) total transforming growth factor-beta 1 (TGF-b1) secreted from

hamstring tendon tenocytes after 1 day of treatment was determined

using ELISA. (C) The normalized TGF-b bioactivity measured in

relative luminescent units (RLU) of TGF-b reporter cells after a 16-

hour treatment with proliferants (*p\ 0.05, �p\ 0.01).
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treatment (Fig. 2B). These results suggest that P2G may be

more effective at inducing the initial cell death required to

initiate the wound-healing cascade. Proliferant drugs are

classified in three categories: irritants, osmotics, and

chemotactics. Each class is named after the suggested

mechanism of action for initiating the localized inflam-

matory response [24, 28]. Dextrose is considered an

osmotic that functions through the dehydration and sub-

sequent necrosis of cells after injection. Other studies have

explored the utility of hypertonic dextrose solutions for

inducing fibrosis and the mechanisms by which this occurs

[25, 35]. The most-active ingredient in P2G, phenol, works

as an irritant, which oxidizes into quinine groups leading to

cellular damage. Treatment with both molecules ultimately

leads to localized cell death that initiates the body’s

wound-healing cascade.

We next asked about the effect of prolotherapy on the

mRNA expression of relevant tendon developmental and

inflammatory markers. Gene expresssion analysis of ham-

string and Achilles tenocytes at 6 hours of treatment

showed that both proliferant treatments resulted in

decreased mRNA transcripts of collagen types I and III

mRNA in Achilles tenocytes and only decreased collagen I

mRNA in hamstring tenocytes. Furthermore, analysis of a

panel of proinflammatory markers showed that P2G ele-

vated mRNA transcripts of COX-2 (also known as

prostaglandin-endoperoxide synthase 2) and IL-8. These

results suggest that prolotherapy with dextrose and P2G,

most notably P2G, induced elevated mRNA expresssion of

specific inflammatory markers. COX-2 has been implicated

in many proinflammatory responses seen in tendon disor-

ders and wound repair [21, 33]. Additionally, it is

recognized as the precursor to and involved in the pro-

duction of PGE2, a potent inducer and mediator of tissue

inflammation [4]. In addition, the decreased expression of

NFjB-1 (and varied expression of IL-6 and IL-8) suggests

Fig. 6A–C Prolotherapy decreases tendon cell migration. (A) Bright-

field imaging of Achilles tenocytes during wound closure (white

vertical lines) during treatment with proliferants, (B) average scratch

width of the Achilles tenocyte monolayer wound closure during

treatment with proliferants, and (C) average cell migration rate of the

Achilles tenocytes during treatment with proliferants are shown (�p\
0.01).
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that cells may have been experiencing a specific expression

pattern during treatment. These results warrant further

investigation into the upstream cell-signaling mechanisms

involved.

Our next question inquired about the secretion of key

factors from tendon cells after prolotherapy treatment.

Using ELISA to measure soluble levels of TGF-b1 and

PGE2, we observed a notable increase in PGE2 levels after

treatment with P2G (Fig. 5A). Using a reporter cell line to

screen for TGF-b bioactivity, we saw that dextrose and P2G

decreased TGF-b bioactivity after 24 hours of treatment

(Fig. 5C). TGF-b has been implicated in the development

of several musculoskeletal tissues and is a well-known

antiinflammory factor known to induce collagen and

extracelluar matrix production during wound healing

[20, 30]. It is believed by some that prolotherapy induces

cellular death and the subsequent release of proinflamma-

tory and chemotactic factors, which initiate the body’s

wound healing cascade [2, 14, 15]. Results from our

experiments directly support aspects of this theory, but also

present additional evidence for prolotherapy as a negative

regulator of TGF-b signaling. However, more work is

needed to further determine the exact mechanism and to

predict the clinical effectiveness of prolotherapy. Previous

work involving the utility of proliferant molecules in vitro

for orthopaedic applications is extremely limited and

available studies span several different applications

[5, 19, 26]. Nonetheless, the active molecules in each pro-

liferant in our study have been studied previously.

Investigations involving dextrose have explored the effect

of prolonged exposure to elevated glucose levels for the

study of diabetic conditions and the effect on various cell

responses. For instance, in a study with human mesangial

cells, Clarkson et al. [5] showed that sustained exposure to

elevated extracellular glucose levels led to the differential

expression of 200 genes that primarily were involved in the

regulation of extracellular matrix production, cell growth,

and cell cytoskeletal maintenance. Additionally, in a study

of elevated glucose levels on the effect of human renal

fibroblasts, Lam et al. [19] showed that connective tissue

growth factor and insulin-like growth factor were heavily

implicated in glucose-induced collagen deposition during

fibrosis. Phenol is commonly used in the clinic as a neu-

rolytic agent for nerve blocks and as a local anesthetic [13].

Although much of the prolotherapy response in vivo will be

dependent on the volume and concentration used, it appears

that P2G may have a more-pronounced inflammatory

reponse in tendon owing to its mechanism of action.

Finally, we assessed the effect of each proliferant on

directly modulating cellular migration, another critical

component of cell function. The wound-healing assay is a

common model to study cellular migration [7, 22]. This

parameter provides useful supplemental information about

the remaining cell population after the initial cell death

from prolotherapy. Results showed that dextrose and P2G,

most notably P2G, induced decreased cellular migration in

Achilles tenocytes during the 24 hours of treatment

(Fig. 6). Interestingly, it appeared that cell populations

treated with dextrose started to show recovery by begin-

ning to close the gap at 24 hours. These results suggest that

prolotherapy induces important changes in tendon cells that

are accompanied by strong decreases in the cells’ ability to

migrate. They also support the notion that prolotherapy

does not directly enhance tendon cell migration after

treatment. Any increases in cell migration after prolother-

apy may be an indirect result of the treatment (eg,

downstream cellular signaling from immune cells).

The results from our experiments showed that human

tenocytes treated with dextrose and P2G experienced

considerable decreases in cellular activity. Furthermore,

gene expression studies confirmed the upregulation of

proinflammatory markers COX-2 and IL-8, whereas the

growth-related marker collagen type I was downregulated.

P2G led to a strong increase in PGE2 secretion, and further

screening with a reporter cell line confirmed a strong

decrease in TGF-b bioactivity after treatment with both

proliferants. Finally, we showed that both proliferants,

most notably P2G, led to decreased cellular migration.

These preliminary findings will require further rigorous

in vivo study in a live animal model and ultimately

humans, but they provide initial insight into the potential

mechanisms behind prolotherapy with P2G proving to be a

more-potent inducer of inflammation in vitro.
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