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P A I N

Acute inflammatory response via neutrophil activation 
protects against the development of chronic pain
Marc Parisien1†, Lucas V. Lima2†, Concetta Dagostino3†, Nehme El-Hachem1,  
Gillian L. Drury1, Audrey V. Grant1, Jonathan Huising4, Vivek Verma1, Carolina B. Meloto1, 
Jaqueline R. Silva5, Gabrielle G. S. Dutra2, Teodora Markova2, Hong Dang6, Philippe A. Tessier7, 
Gary D. Slade8, Andrea G. Nackley9, Nader Ghasemlou5, Jeffrey S. Mogil2*,  
Massimo Allegri10,11*, Luda Diatchenko1*

The transition from acute to chronic pain is critically important but not well understood. Here, we investigated the 
pathophysiological mechanisms underlying the transition from acute to chronic low back pain (LBP) and performed 
transcriptome-wide analysis in peripheral immune cells of 98 participants with acute LBP, followed for 3 months. 
Transcriptomic changes were compared between patients whose LBP was resolved at 3 months with those whose 
LBP persisted. We found thousands of dynamic transcriptional changes over 3 months in LBP participants with 
resolved pain but none in those with persistent pain. Transient neutrophil-driven up-regulation of inflammatory 
responses was protective against the transition to chronic pain. In mouse pain assays, early treatment with a 
steroid or nonsteroidal anti-inflammatory drug (NSAID) also led to prolonged pain despite being analgesic in the 
short term; such a prolongation was not observed with other analgesics. Depletion of neutrophils delayed resolution 
of pain in mice, whereas peripheral injection of neutrophils themselves, or S100A8/A9 proteins normally released 
by neutrophils, prevented the development of long-lasting pain induced by an anti-inflammatory drug. Analysis 
of pain trajectories of human subjects reporting acute back pain in the UK Biobank identified elevated risk of pain 
persistence for subjects taking NSAIDs. Thus, despite analgesic efficacy at early time points, the management of 
acute inflammation may be counterproductive for long-term outcomes of LBP sufferers.

INTRODUCTION
Chronic pain inflicts huge societal costs, in terms of management, 
loss of work productivity, and effects on quality of life (1). Chronic 
low back pain (LBP) is the most frequently reported chronic pain 
condition (2). LBP is a major problem worldwide: point, 1-month, 
and 1-year prevalence is 18, 31, and 38%, respectively (3). LBP 
ranks the highest of all chronic conditions in terms of years lived 
with disability, with its prevalence and burden increasing with age 
(4). Current treatments for LBP often target the immune system 
and include nonsteroidal anti-inflammatory drugs (NSAIDs), 
acetaminophen, and corticosteroids, although all of these drug classes 
are minimally effective at best (5). Despite advances in the understand-
ing of social, psychological, and genetic factors, as well as brain 
processes associated with chronic LBP (6), we understand very little 

of the molecular mechanisms underlying the acute-to-chronic pain 
transition that might lead to more efficacious analgesic strategies.

Previous human genetic association studies and transcriptomic 
analysis of chronic LBP have been performed using candidate gene 
and genome-wide approaches, and they have provided evidence for 
the involvement of a variety of genes in many biological pathways 
(7–11). Increasing evidence suggests that the pathophysiology of 
chronic pain involves a complex interplay between the nervous and 
immune systems; that is, chronic pain is a neuroinflammatory 
disorder mediated by neuronal and non-neuronal cells alike (12). 
Circulating immune cells such as neutrophils, monocytes, and T cells 
are recruited to sites of tissue damage and/or inflammation and 
often also infiltrate the peripheral and central nervous systems 
(13, 14). Activation of these cells results in the expression of various 
inflammatory mediators, including cytokines/chemokines, lipids, 
and proteases, that act both directly on peripheral sensory or central 
second order neurons and indirectly on other immune or local cells 
to regulate pain. Microglia and astrocytes in the central nervous 
system act in a similar fashion, contributing to central sensitization 
and pain (15–18). The presence of these activated immune cells and 
glia, peripherally or centrally, is thought to contribute to the transition 
from acute to chronic pain (19–21).

Here, we used transcriptome-wide data to investigate the molecular 
pathophysiological mechanisms in peripheral blood immune cells 
at the transcriptome-wide level that underlie the transition of acute 
to chronic LBP, and we identified the protective effect of acute 
inflammatory responses against the development of chronic pain. 
We replicated our finding in an independent cohort of patients with 
another musculoskeletal pain condition, temporomandibular disorder 
(TMD). We then used rodent pain models to elucidate the mecha-
nism mediating the transition from acute to chronic pain. Last, we 
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analyzed a large human cohort (UK Biobank) to investigate the 
relationship between back pain and the use of anti-inflammatory  
drugs.

RESULTS
Differential gene expression in the LBP cohort
We assessed genome-wide transcriptomics in a cohort of 98 patients 
with LBP at the acute episode (t0) and a follow-up visit (t1) 3 months 
later. Study design, demographics, and patient characteristics are pre-
sented in fig. S1 (A and B) and table S1, and transcriptomics statis-
tics are presented in table S2. Patients reported substantial, self- declared 
pain [0 to 10 numeric rating scale (NRS)] in their lower back at 
enrollment (t0: mean = 6.8, SD = 1.8, min = 4, and max = 10), but a 
much broader pain spectrum was observed at follow-up (t1: 
mean = 3.2, SD = 3.2, min = 0, and max = 10). We dichotomized 
study participants into two groups based on their pain scores at 
the second visit: those with resolved pain (“R”; n = 49) and those 
with persistent pain (“P”; n  =  49) (fig. S1B). No differences were 
found on the pain outcome with drug classes either consumed be-
tween the clinical visits or used prophylactically (table S1).

We then tested differences between patient groups at the 
transcriptomics-wide level. At the first visit, there were no differen-
tially expressed genes that reached genome-wide statistical signifi-
cance between R and P patients (Fig. 1A, column “uncorrected,” 
and table S3A). By the time of the second visit, more than 1700 
differentially expressed genes were detected at the genome-wide 
scale between R and P patients (Fig. 1B and table S3B). When time 
trajectories were considered, contrasting gene expression between 
the two visits in P patients identified no differentially expressed 
genes (Fig. 1C and table S3C), whereas in R patients, more than 
5500 genes were differentially expressed (Fig. 1D and table S3D). This 
pattern remained after controlling for blood cell-type abundances, 
when we repeated analyses of differential expression of genes using 
estimated fractions of cell-type populations as additional covariables 
(22). A total of 1700 genes remained differentially expressed in 
those with resolved pain, whereas in those with persistent pain, 
there were still no changes (Fig. 1, column “corrected,” and table 
S4). Together, our genome-wide transcriptomics analyses suggest 
that the subjects who resolved pain over time have an abundance of 
active biological processes underlying recovery and these processes 
are partially driven by changes in blood cell composition.

Differential blood cell-type populations
We next estimated the changes in relative cell-type population 
fractions from our multiplexed RNA sequencing experiments (22), 
tracking cell-type population changes in different contrasts (Fig. 2A 
and table S5). In P participants, we did not detect any changes in 
blood cell-type populations over time (Fig. 2, column I). However, 
in R patients, we found statistically significant differences between 
the two visits in four cell types, with the largest difference observed 
in the numbers of neutrophils decreasing over time (P = 1.4 × 10−3; 
Fig. 2B). The other significant differences included increased num-
ber of CD8+ T cells (P  =  1.5  ×  10−3; Fig.  2C) and resting natural 
killer cells (P = 1.7 × 10−3; Fig. 2D) and decreased number of resting 
mast cells (P = 4.4 × 10−2; Fig. 2E).

We also built a list of genes expressed by each cell type using 
CIBERSORT’s LM22 “pure” cell-type expression matrix. A gene 
was retained in the list if the expression level in that cell type was 

greater than the average across all other cell types (fig. S2). These 
genes are highlighted for differential expression in the volcano plots 
(Fig. 2, column III). Thus, changes in cell-type fractions can be 
tracked down to changes in gene expression, with matching change 
directions between fraction estimates and gene levels, with, again, the 
largest, most consistent, and most substantial contribution from 
neutrophil-specific genes down-regulated between visit t0 and t1.

A

B

C

D

Fig. 1. Differential expression of genes in study design contrasts. Study design 
pictograms (left) are juxtaposed to volcano plots (middle and right). The pictogram 
highlights the two contrasted conditions (large dots). The volcano plot shows 
statistical significance (y axis) as a function of fold change (x axis); each dot is a 
gene. Genes that would end up outside of the plot are squeezed inside. Vertical 
gray line indicates null fold change. Genes reaching statistical significance at the 
FDR 10% level (blue horizontal line) are highlighted in pink. Numbers in bold indicate 
counts of significantly differentially expressed genes that are down-regulated 
(lower left corner) or up-regulated (lower right corner). Volcano plots are shown 
uncorrected (middle column) and corrected (right column) for blood cell-type 
fractions. (A and B) Contrast between patients with persistent (P; orange) and 
resolved (R; green) pain outcomes (A) at t0 or (B) at t1. (C and D) Contrast between 
t1 and t0 in P patients (C) or in R patients (D).
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Pathway analyses
We next analyzed biological pathways instead of individual differ-
entially expressed genes (Fig. 3 and table S6). We found many 
biological pathways differentially expressed at a genome-wide level 
even in the comparisons where no individual genome-wide signifi-
cant differentially expressed genes were identified, which can occur 

when a substantial amount of genes of the same pathway change 
expression in the same direction. Because we observed that active 
transcriptional processes underlay pain recovery over time, we 
focused on biological pathways at the acute stage that will yield the 
follow-up changes.

At the first visit (t0), the most differentially expressed pathways 
were related to cell activation and immune responses, and they were 
elevated in the R group. These processes seemed to be driven by 
neutrophil activation and degranulation, and by elevated inflammato-
ry response. Although some of the leading-edge genes are shared 
between these two pathways, for the most part, they describe two 
different biological processes (fig. S3). This unexpected enhanced 
inflammatory response in R participants was consistently observed 
for other related inflammatory pathways (Fig. 3A, column I, and 
table S6, A and B). With time, there were barely any changes in the 
inflammatory response pathways in the P group (Fig. 3A, column III, 
and table S6, E and F). However, in the R group, the inflammatory 
response pathways were convincingly down-regulated over time, at 
t1 compared to t0 (Fig. 3A, column IV, and table S6, G and H).

The enhanced inflammatory pathways seemed to be driven by 
neutrophil activation through degranulation. We found leukocyte 
activation and degranulation pathways noticeably activated at t0 in 
R patients. Among leukocytes, neutrophils were the most activated, 
followed by macrophages and mast cells (Fig. 3B, column I, and 
table S6B). Degranulation of neutrophils showed the largest changes 
compared to platelet or natural killer cells (Fig. 3C, column I, and 
table S6B). Neutrophil activation and degranulation pathways were 
decreasing with time in both pain groups, although this decrease 
was more noticeable in R compared to P patients (Fig. 3 and table 
S6). The key molecules contributing to this dynamic regulation of 
cellular responses, with the largest expression at the acute stage and 
the fastest down-regulation by the second visit in the R group, are 
presented in table S7. Within the top hits, we found SLC11A1, a 
divalent metal transporter that is specific to myelomonocytic cells 
including neutrophils, monocytes, and macrophages (23, 24), and 
S100A8 and S100A9, neutrophil-specific genes coding for calcium- 
binding “alarmins” critical in the development and regulation of 
inflammation, which are known to comprise about 45% of the 
cytoplasmic proteins in neutrophils and function as homo- or 
heterodimers (25).

We found a positive correlation in transcriptional changes over 
time between R and P patients (fig. S4 and table S6), indicating that 
all individuals displayed similar biological responses and pathways, 
regardless of the pain outcome at the second visit (slope = +0.57, 
P < 2.2 × 10−16, r2 = 42%). The difference between groups was in the 
magnitude of the response: The R group response intensity was 
about 75% larger than that of the P group.

Replication of findings in an independent cohort
We replicated our findings using a prospective cohort of similar 
design (fig. S5A). The replication cohort comprised subjects with 
another musculoskeletal pain condition, TMD. Although the 
pathophysiology of TMD is likely not identical to LBP, we hypothe-
sized that the active contribution of the immune system in the tran-
sition to chronic pain could be shared. At the first visit, all subjects 
displayed acute symptoms of TMD, whereas at a second visit, some 
subjects had their pain resolved (R), and in others, pain persisted (P). 
In this cohort as well, we observed a larger number of differentially 
expressed genes in subjects in the R group than in the P group 

A

B

C

D

E

Fig. 2. Blood cell-type fraction trajectories in time, in subjects with persistent 
or resolved pain. (A) Study design pictograms, showing contrasts in time in those 
with persistent pain (P; orange, column I), and in those with resolved pain (R; green, 
column II). (B to E) Box-and-whisker plots (columns I and II) showing the distributions 
of percent cell-type fraction at t0 and at t1. Cell-type fraction estimates inferred by 
CIBERSORT from transcriptomics data. P value obtained from logistic regression be-
tween the two time points shown on top; not significant (n.s.) when P > 0.05. Volcano 
plots (column III) for R patients, showing genes highly expressed in the corresponding 
row’s cell type (pink) versus all other genes (tan). (B) Neutrophils. (C) CD8+ T cells. (D) 
Natural killer (NK) cells, resting. (E) Mast cells, resting.
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(fig. S5, B and C) and elevated activity of inflammatory and neutro-
phil activation and degranulation pathways in the R group (fig. S5D 
and table S8). From CIBERSORT’s gene expression input matrix, 
we identified 100 genes whose expression in neutrophils is greater 
than the average across all other cell types. At t0, we found 80% of 
these genes to be more expressed in the R group in both LBP and 
TMD cohorts (table S8G) and about 75% of these genes to be more 
expressed at t0 than t1 in the resolved pain group, in both LBP and 
TMD cohorts (table S8H).

In addition, the TMD cohort allowed comparison with healthy 
controls and patients with chronic TMD (fig. S6 and table S8I). In 
comparison with healthy controls, the R group displayed a signifi-
cantly higher inflammatory response at the acute stage [fgsea 
pathway enrichment score (ES) = +0.32 > 0, P = 1.1 × 10−5], whereas 

the P group displayed a significantly lower response (ES = −0.32 < 0, 
P = 1.3 × 10−7). By the time of the second visit, each pain group 
displayed a significantly reduced inflammatory response compared 
to the healthy group (P = 3.1 × 10−4 in R and P = 1.1 × 10−7 in P). 
The same pattern was observed for neutrophil activation and 
degranulation pathways.

We also observed up-regulated neutrophil activation and 
degranulation pathways in subjects with chronic TMD in comparison 
with healthy controls (ES = +0.19 > 0, P = 1.9 × 10−2 and 3.3 × 10−2, 
respectively; fig. S6), although to a lesser degree than for the R group 
at t0 (ES = +34 > 0, P = 4.6 × 10−7). These results indicate the 
importance of the up-regulation of inflammatory response at the 
acute stage of musculoskeletal pain as a protective mechanism against 
the development of chronic pain.

A

B

C

Fig. 3. Functional differences between the resolved and persistent pain groups. Functional differences assessed with selected pathways in Gene Ontology’s (GO) 
biological processes. Statistically significant pathways at the FDR 10% level are highlighted in nongray colors; blue at t0 (column I), orange for group P (column III), and 
green for group R (column IV). Assessment performed between the groups with resolved (R) and persistent (P) pain, at the first visit (column I), and at the second visit 
(column II). Functional trajectories between t0 and t1 are also shown for the P group (column III) and for the R group (column IV). (A) Pathways under inflammatory 
response (GO:0006954). (B) Pathways under leukocyte activation (GO:0045321). (C) Pathways under leukocyte degranulation (GO:0043299).
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Impaired inflammatory response prolongs resolution 
of painful behavior in preclinical assays
Our human transcriptomics results suggested that active inflammatory 
responses, particularly those regulated by neutrophils, contribute to 
pain resolution. We hypothesized that inhibition of this active im-
mune response will lead to the prolongation of pain and designed 
experiments to test this hypothesis in mice using pain assays featuring 
evidence of pain that is persistent but of finite duration.

Initial experiments used the classic steroidal anti-inflammatory 
drug, dexamethasone. Mechanical pain sensitivity was assessed 
before and at multiple time points after chronic constriction injury 
(CCI) of the sciatic nerve, injection of nerve growth factor (NGF) 
into the muscles of the low back, or inflammatory injury using the 
cell-mediated immunity stimulator, complete Freund’s adjuvant 
(CFA; inactivated Mycobacteria tuberculosis in oils). Dexamethasone 
or saline vehicle was administered daily for 6 days after CCI or 
CFA. All three injuries produced mechanical allodynia, that is, 
hypersensitivity to the evoking mechanical stimulus, lasting about 
30 to 60 days (depending on the assay) in saline-treated mice, 
respectively (Fig. 4, A, D, and G). We observed that the steroid had 
no effect on hind paw allodynia at the end of the treatment period 
after CCI (t11 = 0.5, P = 0.63; Fig. 4B), as might be expected given 
that CCI does not produce hind paw inflammation. By contrast, 
dexamethasone produced robust inhibition of allodynia from NGF 
(t10 = 2.4, P = 0.04; Fig. 4D) and CFA (t13 = 3.0, P = 0.009; Fig. 4H) 
on day 6 after injection. However, dexamethasone delayed the 
recovery to baseline after CCI (t11 = 2.3, P = 0.04; Fig. 4, A and C), 
NGF (t10  =  2.5, P  =  0.03; Fig.  4,  D  and  F), and CFA (t13  =  2.7, 
P = 0.02; Fig. 4, G and I) such that the duration of the overall pain 
episode was increased by the steroid treatment, by twofold on 
average after CFA. To assess whether it was the anti-inflammatory 
or purely analgesic actions of dexamethasone that were responsible 
for this prolongation, we tested four other drugs: the NSAID 
diclofenac, and three analgesics with no known anti-inflammatory 
action, systemically administered gabapentin and morphine, and pe-
ripherally administered lidocaine. All four drugs reduced allodynia during 
their administration period (F4,49 = 6.1, P < 0.001; Fig. 4, J and K), 
but only diclofenac significantly prolonged the duration of the overall 
allodynia episode produced by CFA (F4,49  =  7.5, P  <  0.001; 
Fig. 4, J and L). Diclofenac was also able to prolong the duration of 
CCI-induced allodynia (t13 = 3.0, P = 0.01; fig. S7).

To directly assess the hypothesis that neutrophils are responsible 
for these effects, we performed two complementary experiments. 
First, we depleted neutrophils using an anti-Ly6G antibody, which 
causes specific but incomplete depletion (26). Whereas acute deple-
tion of neutrophils using this antibody does not affect mechanical 
allodynia (27), prolonged administration of the antibody exacerbated 
allodynia (day 9: t10 = 2.4, P = 0.04; Fig. 5, A and B) and prolonged 
its duration (t10 = 8.7, P < 0.001; Fig. 5, A and C) in a fashion iden-
tical to that of dexamethasone. Next, we endeavored to determine 
whether the dexamethasone effect was neutrophil dependent by in-
jecting neutrophils isolated from peripheral blood or the neutrophil- 
released proteins S100A8 or S100A9 into the hind paw (ipsilateral to 
CFA injection) of dexamethasone-treated mice. Neutrophil injec-
tion or injection of S100A8 or S100A9 prevented the development 
of allodynia entirely (comparison of dexamethasone-injected 
groups: F3,24 = 8.7, P < 0.001; Fig. 5, D and E) despite the adminis-
tration of dexamethasone. Note that this experiment, performed in 
a different laboratory, also serves as a direct replication of the data 

shown in Fig. 4G. In the absence of dexamethasone, neither neutrophils 
nor S100A8/A9 significantly affected the duration of CFA allodynia 
(F15,130 = 1.1, P = 0.36; fig. S8). All reported mouse experiments 
were performed in both sexes, and no detectable interactions with 
sex were observed in any experiment (all P > 0.05).

Analgesic usage in human population studies
Finally, we examined the relationship between analgesic drug usage 
and back pain in a large human study from the UK Biobank project. 
We posited that drugs that inhibit inflammation might interfere 
with the natural recovery process, thus increasing the odds for 
chronic pain. To test this hypothesis, we compared several analgesic 
drug classes with available use information, including NSAIDs, 
paracetamol (acetaminophen), and antidepressants (Fig.  6 and 
table S9). We found that individuals with acute back pain were at 
1.76-fold greater risk of developing chronic back pain if they reported 
NSAID usage (P = 2.0 × 10−5) than if they were not taking NSAIDs, 
adjusting for age, sex, ethnicity, and time interval between measure-
ments (model 1). The increased risk for the development of chronic 
pain was maintained in the model that accounted for all drugs 
simultaneously [odds ratio (OR) = 1.78, P = 3.9 × 10−5; model 4]. 
No other analgesic medication category showed an association with 
the development of chronic back pain, either across models with the 
corresponding medication class variable adjusted for demographic 
covariates alone (models 2 and 3) or in the full model (model 4). We 
then considered further potential confounders for the development 
of chronic pain. Measures of pain intensity and higher psychological 
distress at the acute stage are two factors that have been shown 
repeatedly to be associated with the development of chronic pain 
(28, 29). Because pain intensity was not collected in the full UK 
Biobank cohort, we used the number of reported chronic pain body 
sites as a substitute for chronic pain intensity. Although pain inten-
sity and anatomical extent of pain sites are different phenotypes, 
they are highly correlated and have been used previously in this 
capacity (30–32). When we adjusted our models using covariates that 
captured these potential confounders, all of the above observations 
held up, namely, a significantly elevated risk for chronic pain with 
NSAID usage (OR = 1.67, P = 3.0 × 10−4; model 5).

Last, given the identification here of the crucial role of neutro-
phils in inflammatory mechanisms implicated in pain outcomes, we 
tested across leukocyte subset percentages at the acute pain state for 
association with the development of chronic back pain later in life 
by adding this explanatory variable to the full model. As expected, 
neutrophil percentage at the acute stage was inversely associated 
with chronic back pain (OR = 0.98; P = 0.02) after adjusting for 
usage of medications (model 6).

DISCUSSION
This study was designed and implemented to identify cellular and 
molecular mechanisms underlying acute-to-chronic pain transition 
in humans using data from a cohort of subjects with LBP. Our 
initial bioinformatics results indicated that there was a substantial 
difference in the time courses of transcriptomic changes in subjects 
with resolved pain compared to those with persistent pain. The 
trajectories show substantial differences: In the resolved pain group, 
several thousand genes were found to be differentially expressed 
over time, whereas there were no differences in the persistent 
pain group. Thus, our data suggest that active biological processes 
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protect from transitioning to chronic pain after 
an acute pain episode.

To identify the initial processes that drive 
these differences in trajectories between the 
resolved and the persistent pain groups at the 
gene level, we compared functionally related 
sets of genes at the pathway level. We found 
neutrophil activation–dependent elevation of 
the inflammatory response at the acute stage of 
pain in subjects with resolved pain, which was 
decreased by the time of the second visit. Con-
versely, subjects with persistent pain did not show 
any changes in their inflammatory response. 
We replicated these findings in an independent 
TMD cohort. The shared pathophysiology be-
tween different chronic pain conditions has 
been argued through both high clinical comor-
bidity and shared genetic heritability (28, 33). The replication of our 
findings in the TMD cohort also suggests that our findings are likely 
to be applicable to other chronic pain conditions.

We did not identify any pathways with large negative correla-
tions between the resolved and the persistent pain groups; the two 
pain groups showed strongly correlated processes. Instead, the 
difference between the two groups was in the magnitude of the 

regression slope, again suggesting that the resolved pain group’s re-
sponse intensity was substantially larger than that of the per-
sistent pain group. These results were in line with the observed 
differences in the number of differentially expressed genes over time 
between the groups, and reemphasized the perhaps counterintuitive 
concept that an active biological process underlies pain resolution 
rather than pain progression to chronic status. Our results suggest 
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Fig. 4. Prolongation of neuropathic and inflammatory 
pain by early anti-inflammatory treatment. (A) Me-
chanical pain thresholds before and after chronic constric-
tion injury (CCI) of the sciatic nerve in mice treated from 
days 0 to 6 with saline or dexamethasone (DEXA). Symbols 
represent means ± SEM hind paw withdrawal threshold 
(g). (B) Percentage of maximum possible allodynia (% allo-
dynia) on day 6 after drug; see Materials and Methods for 
calculation details. Error bars represent SEM. (C) Days re-
quired to return to baseline thresholds; see Materials and 
Methods. Error bars represent SEM. Mice not returning to 
baseline by day 70 were assigned a value of 80. (D) Me-
chanical pain thresholds before and after hind paw injec-
tion of nerve growth factor (NGF) into the muscles of the 
low back in mice treated with saline or DEXA. Symbols as 
in (A). (E) Percent allodynia on day 6 after drug. (F) Days to 
return to baseline; mice not returning to baseline on day 
50 were assigned a value of 60. (G) Mechanical pain 
thresholds before and after hind paw injection of com-
plete Freund’s adjuvant (CFA) in mice treated with saline 
or DEXA. Symbols as in (A). (H) Percent allodynia on day 6 
post-drug. (I) Days to return to baseline; mice not return-
ing to baseline on day 120 were assigned a value of 140. 
(J) Mechanical pain thresholds before and after CFA in mice 
treated with saline, diclofenac, gabapentin, or lidocaine. 
Symbols as in (A). (K) Percent allodynia on day 4 after 
drug. (L) Days to return to baseline; mice not returning to 
baseline on day 40 were assigned a value of 50. *P < 0.05, 
**P < 0.01, and ***P < 0.001, compared to the corresponding 
saline group.
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that this process is impaired in those who do not resolve acute pain 
over time and suggest time stratification of a cascade of processes 
resulting in a return to a normal, no-pain state (34)—in a fashion 
similar to timely processes involved in wound healing (35, 36)—and 
thus would require gene expression probing at many more time 
points to decipher the complete phenomenon of pain resolution. 
Nonetheless, our findings are in line with the observation that 
the beginning of the inflammatory process programs its resolution 
(34), and it is thus the failure to initiate an appropriate inflammatory 
response that may lead to chronic pain. This notion was further 
illustrated by our TMD cohort, which provided the advantage of 
the availability of a control no-pain group not available in the LBP 
cohort. We were able to confirm sharp up-regulation of neutrophil- 
related inflammatory response at the acute stage of the TMD 
pain-persisting group but not the TMD pain-resolving group and 
higher inflammatory states in patients with chronic pain.

Using three different assays of prolonged but resolving pain in 
the mouse, we confirmed that the acute treatment of inflammation 

with either the steroid, dexamethasone, or the NSAID, diclofenac—
although both effectively reducing pain behavior during their 
administration—greatly prolonged the resolution of neuropathic, 
myofascial, and especially inflammatory pain states. Three anal-
gesics without anti-inflammatory properties (gabapentin, morphine, 
and lidocaine) produced short-term analgesic effects without affecting 
the overall duration of the painful (allodynic) episode. We further 
showed the neutrophil dependence of these effects, with steroid-like 
pain prolongation being produced by neutrophil depletion and a 
complete blockade of allodynia produced by peripheral injection of 
neutrophils themselves. Furthermore, our mouse data confirmed 
the important roles of two neutrophil-specific proteins identified 
via human transcriptomics data, the alarmin proteins S100A8 
and S100A9.

Last, we validated the negative consequences of anti-inflammatory 
drugs in a large human cohort from the UK Biobank project. In 
human subjects who reported acute back pain, we found that 
NSAIDs but not two other analgesic medications available for 
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Fig. 5. Involvement of neutrophils and neutrophil-released proteins S100A8 and S100A9 in pain resolution in the mouse. (A) Mechanical pain thresholds before 
and after CFA in mice treated with anti-Ly6G antibody or its isotype control (vehicle). Symbols represent means ± SEM hind paw withdrawal threshold (g). (B) Percent 
allodynia on day 6 after drug; see Materials and Methods for calculation details. (C) Days to return to baseline; see Materials and Methods. Mice not returning to baseline 
on day 120 were assigned a value of 140. (D) Mechanical pain thresholds before and after CFA in mice treated with DEXA (or saline), plus a hind paw injection of vehicle, 
isolated neutrophils, S100A8, or S100A9 on days 3 and 5 after DEXA. Symbols as in (A). (E) Percent allodynia on day 6 after DEXA. *P < 0.05, **P < 0.01, and ***P < 0.001, 
compared to the corresponding vehicle/no DEXA group.
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analyses increased risk to still report back pain 2 to 6 years later. 
Antidepressants were not associated with transition from acute to 
chronic pain despite the fact that patients who take antidepressants 
will generally have higher pain and higher psychological distress 
(37), two major risk factors for the development of chronic pain, in 
comparison with patients who take NSAIDs. Furthermore, even af-
ter these two variables were included as covariates in all logistic re-
gression models considered, our findings that NSAID use (but 
no other analgesic class) increases risk of subsequent development of 
chronic back pain did not change. Last, consistent with our bio-
informatics and animal model results, higher percentages of 
neutrophils at the acute pain state protected against chronic pain 
development.

Our study has several limitations. First, the LBP cohort did not 
have control subjects without any pain, preventing the comparison 
of transcriptomes of people who resolved pain to those never expe-
riencing pain. Second, we did not evaluate pain in the LBP cohort 
before or after the 3-month time point, so it is possible that some 
subjects in the persisting pain group saw their pain resolve after 
3 months but before 6 months. To better understand the inflammatory 
and pain trajectories, a new study with more frequent pain ratings 
and blood sampling would be required. Furthermore, to test the 
long-term consequences of NSAID use with regard to chronic pain 
development, a clinical trial on patients with acute pain specifically 
designed to address the question is needed. Although we controlled 
for potential confounders in our UK Biobank analysis, we did not 
have access to many important details such as pain intensities at 
various body sites and drug dosing.

Together, our results suggest that active immune processes 
confer adaptation at the acute pain stage, and impairment of such 
inflammatory responses in subjects with acute LBP (or TMD) in-
creases the risk of developing chronic pain. These adaptive inflam-
matory responses are intrinsically transcriptionally driven, probably 
modified by both genetics and environmental factors, and can be 
inhibited by steroids and NSAIDs. These responses are transient, 
which is probably the main reason why they were previously over-
looked. Our conclusions may have a substantial impact on medical 
treatment of the most common presenting complaints to health 
care professionals. Specifically, our data suggest that the long-term 

effects of anti-inflammatory drugs 
should be further investigated in the 
treatment of acute LBP and likely other 
pain conditions.

MATERIALS AND METHODS
Study design
The human LBP cohort is part of a 
larger study, PainOMICs, registered on 
clinicaltrials.gov (NCT02037763) and 
funded by the European Community in 
the Seventh Framework Programme 
(FP7)— THEME (HEALTH.2013.2.2.1–5—
Understanding and controlling pain) 
to evaluate biomarkers related to pain. 
The protocol was approved by the Ethical 
Committee at the University Hospital 
of Parma (protocol number 43543; 
version 8). All patients signed a written 

informed consent before the enrolment and were followed up 
for 1 year.

The primary objective of this study was to investigate associa-
tions between genome-wide transcriptomics and the development 
of persistent chronic LBP in patients developing persistent chronic 
pain symptoms 3 months after an episode of acute LBP. Subjects 
enrolled in this study were a part of a larger protocol that follows the 
same design. For the current study, we retrospectively selected the 
first 50 patients with resolved pain and the first 50 patients with 
persistent pain. The patients were all Caucasian adults. Sample sizes 
were not estimated because of the hypothesis-free approach taken 
here, but our LBP cohort is similarly sized to other human tran-
scriptomics studies in pain-identified group differences (10, 39–42).

The criterion for enrollment was the presence of acute LBP, that 
is, pain between the costal margins and the gluteal fold. All patients 
were evaluated using an NRS, a scale to assess pain from 0 to 10, 
where 0 is “no pain” and 10 is “worst pain imaginable,” and the 
painDETECT Questionnaire (43) to evaluate the neuropathic pain 
component. Inclusion criteria included a back pain level of ≥4 on 
the NRS, with a duration of no more than 6 weeks before the first 
visit, thus defining an acute phase. Exclusion criteria were history 
(in the past 6 months) of persistent chronic or acute LBP episodes, 
recent history (<1 year) of spinal fracture, pain in the back due to 
spinal tumor or infection, evidence of clinically unstable disease, 
severe psychiatric disorder (excluding mild depression) or mental 
impairment, and pregnancy.

Each patient was classified by clinical evaluation and diagnostic 
blocks to determine the pain generator using these six classes: facet 
joint pain, sacroiliac pain, discogenic pain, spinal stenosis, back 
pain with predominant radiculopathy, and nonspecific LBP (44). 
Patients were medically assessed and treated accordingly to physician’s 
decision, independently of the protocol. Drugs used and medical 
history were also recorded.

Clinicians followed a standardized protocol for treating acute 
LBP with drugs reducing acute inflammatory flare (NSAIDs and 
systemic steroids) plus opioids if the pain was severe and/or if it had 
a greater impairment on daily activity. The choice of drugs was 
driven only by clinical signs and not by any measures of inflamma-
tory flare. Thus, all patients had the same treatment.

Fig. 6. Impact of drug class on the development of chronic pain in humans. Forest plots track odds ratios 
(OR; log2 scaled) for the acute-to-chronic transition of back pain and several factors, including analgesic drug classes 
(up-pointing triangle; green), demographics (down-pointing triangle; brown), possible confounding factors (circle; 
blue), and percent of neutrophils (lozenge; pink). Models 1 to 3 test each analgesic drug class separately (gray back-
ground when factor is not included in the model), whereas model 4 tests all analgesic drug classes simultaneously. 
Model 5 takes into account possible confounding factors for analgesic drug intake. Model 6 includes neutrophil 
percentages. Vertical gray bars indicate OR = 1 [log2(OR) = 0]. ORs are indicated by dots inside shapes, whereas the 
95% confidence intervals for OR are indicated by horizontal bars. Horizontal bars are filled when P < 0.05. *P < 5 × 10−2 
and **P < 5 × 10−3.
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Patients were seen at two time points: at the time of enrollment 
(t0) and at a follow-up visit (t1) 3 months later. We defined the 
resolved pain group (R) patients as those who self-reported day- 
averaged pain of less than 4 on the NRS in the week before the 
follow-up visit; those reporting levels of 4 or higher were defined as 
the persistent pain group (P). The value of 4 was previously defined 
as an optimal cut point for “clinically significant” pain (45, 46), and 
in clinical practice, this cutoff is used to decide if pain may lead to 
functional and clinical disability and thus should be treated. The 
researcher who performed the laboratory analysis was masked to 
the group of patient analyzed.

Statistical analysis
Differential expression of genes in both LBP and TMD cohorts was 
assessed using moderated statistical tests implemented in the R statisti-
cal package DESeq2 (47). Each test was performed with the following 
covariables: sex, age, smoking status, and RNA Integrity number (RIN). 
Pathway enrichment scores were estimated using “fgsea,” with sta-
tistical significance assessed using a fast permutation scheme (48).

The meta-analysis was performed using a sample size–based 
analytical strategy, following the formula proposed by METAL (49). 
The sample sizes were n = 98 for LBP and n = 30 for TMD. For each 
pathway and study, the sign of the enrichment score combined with 
its associated P value was converted into a Z statistic. The overall 
Z statistic was obtained using a sample size–based weighted scheme. 
An overall P value was calculated from the overall Z.

Pain outcomes in the LBP cohort were regressed to blood 
cell-type fractions using the R statistical package function “glm,” 
using sex, age, and smoking status as covariables. Pain outcomes in 
the UK Biobank cohort were regressed to various drug classes and 
neutrophil fractions using the R statistical package function glm, 
individually and in combination, with age, sex, and ethnicity as 
covariables.

For transcriptomics, we relied on the false discovery rate (FDR) 
to correct for multiple testing because tests are not independent of 
one another. Significance levels are indicated in the text.

For animal experiments, a criterion  = 0.05 was used to deter-
mine statistical significance. Data were analyzed by Student’s t test 
or analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s 
post hoc testing, as appropriate.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abj9954
Materials and Methods
Figs. S1 to S8
Tables S1 to S9
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Acute inflammatory response via neutrophil activation protects against the
development of chronic pain
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Beneficial inflammation
Chronic pain can develop from an acute pain state. The mechanisms mediating the transition from acute to chronic
pain remain to be elucidated. Here, Parisien et al. focused on the immune system using samples from patients and
animal models. Transcriptomic analysis in immune cells from subjects with low back pain showed that neutrophil
activation–dependent inflammatory genes were up-regulated in subjects with resolved pain, whereas no changes
were observed in patients with persistent pain. In rodents, anti-inflammatory treatments prolonged pain duration and
the effect was abolished by neutrophil administration. Last, clinical data showed that the use of anti-inflammatory
drugs was associated with increased risk of persistent pain, suggesting that anti-inflammatory treatments might have
negative effects on pain duration.
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