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Background: Matrix metalloproteinase 9 (MMP-9), an 
extracellular network protease implicated in glutamatergic 
signaling, may be part of the pathophysiology of schizo-
phrenia spectrum disorders (SSD). Methods: We per-
formed a systematic review in PubMed/Embase until July 
15, 2020, conducting a random-effects meta-analysis of 
studies comparing MMP-9 blood levels in SSD vs healthy 
controls (HCs) and psychiatric controls (PCs), calculating 
between-group differences in standardized mean differences 
(SMDs) ± 95% confidence intervals (CIs). Meta-regression 
analyses included sex, age, illness duration, antipsychotic 
dose, and Positive and Negative Syndrome Scale (PANSS) 
total/subscales. Subgroup analyses included first-episode 
patients (FEP) vs non-FEP, each vs HCs and vs PCs, 
and blood sample type. Study quality was assessed using 
the Newcastle-Ottawa scale. Results: Four, five, and 
two trials were rated as high, fair, and low quality. In 11 
studies (n = 1443), 643 patients (age = 36.7 ± 14.1 years, 
females  =  42.9%) were compared with HCs (n  =  631), 
with 4 studies including also 169 PCs. MMP-9 levels were 
higher in SSD vs HCs (SMD = 0.52, 95%CI = 0.20–0.85, 
P = .002), but not in PCs vs HCs (n = 132, after removing 
one implausible outlier [SMD = 0.33, 95%CI = −0.16 to 
0.85, P  =  .082]). MMP-9 differences between SSD and 
HCs were associated with higher PANSS total (coeffi-
cient = 0.02, 95%CI = 0.01–0.02, P < .001), PANSS posi-
tive (coefficient = 0.08, 95%CI = 0.02–0.13, P = .006), and 
PANSS general scores (coefficient = 0.02, 95%CI = 0.01–
0.03, P < .001). MMP-9 level differences vs HCs did not 
vary significantly between FEP (n  =  103, SMD  =  0.44, 
95%CI  =  0.15–0.72, P  =  .71) and non-FEP patients 

(n  =  466, SMD  =  0.59, 95%CI  =  0.38–0.80; P  =  .34) 
(FEP vs non-FEP: P = .39). In four high-quality studies, 
MMP-9 levels remained significantly higher in SSD vs 
HCs (SMD  =  0.82, 95%CI  =  0.03–1.61). Conclusions: 
Findings suggest MMP-9 upregulation in SSD, requiring 
further validation and understanding of related pathways.

Key words: matrix metalloproteinase 9 (MMP-9)/oxidative 
stress/schizophrenia spectrum disorders (SSD)/neuroimm
unology/glutamatergic transmission

Introduction

Increasingly available data on the pathogenesis of schiz-
ophrenia focus on neuroinflammatory processes.1 In this 
context, the extracellular network, which consists of a 
large cluster of macromolecules and enzymes, such as 
matrix metalloproteinase (MMPs), involved in central 
nervous system (CNS) signaling but also neuronal mor-
phology, has been investigated.2 Hence, a main hypothesis 
suggests alterations in the extracellular network in pa-
tients with schizophrenia spectrum disorders (SSD) com-
pared with healthy controls (HCs).3 Suggested pathways 
have included genetic correlates affecting the expression of 
MMP-9,4 which is the best-characterized MMP in CNS.5 
Accordingly, rodent models proposed an association be-
tween psychosocial stress and schizophrenia-like behav-
iors in mice with decreased MMP-9 activity.6 Evidence for 
other proteases are not available, but methods combining in 
vivo, in situ, and immunolocalization techniques reported 
that MMP-9 contributes to hippocampal gelatinolytic 
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(n  =  466, SMD  =  0.59, 95%CI  =  0.38–0.80; P  =  .34) 
(FEP vs non-FEP: P = .39). In four high-quality studies, 
MMP-9 levels remained significantly higher in SSD vs 
HCs (SMD  =  0.82, 95%CI  =  0.03–1.61). Conclusions: 
Findings suggest MMP-9 upregulation in SSD, requiring 
further validation and understanding of related pathways.

Key words: matrix metalloproteinase 9 (MMP-9)/oxidative 
stress/schizophrenia spectrum disorders (SSD)/neuroimm
unology/glutamatergic transmission

Introduction

Increasingly available data on the pathogenesis of schiz-
ophrenia focus on neuroinflammatory processes.1 In this 
context, the extracellular network, which consists of a 
large cluster of macromolecules and enzymes, such as 
matrix metalloproteinase (MMPs), involved in central 
nervous system (CNS) signaling but also neuronal mor-
phology, has been investigated.2 Hence, a main hypothesis 
suggests alterations in the extracellular network in pa-
tients with schizophrenia spectrum disorders (SSD) com-
pared with healthy controls (HCs).3 Suggested pathways 
have included genetic correlates affecting the expression of 
MMP-9,4 which is the best-characterized MMP in CNS.5 
Accordingly, rodent models proposed an association be-
tween psychosocial stress and schizophrenia-like behav-
iors in mice with decreased MMP-9 activity.6 Evidence for 
other proteases are not available, but methods combining in 
vivo, in situ, and immunolocalization techniques reported 
that MMP-9 contributes to hippocampal gelatinolytic 

activity,7 which highly interacts with postsynaptic 
N-methyl-d-aspartate (NMDA) receptors.7 Additionally, 
MMP-9 is expressed in neurons in the cerebellum and the 
cortex.8,9 Nevertheless, a recent meta-analysis did not re-
port any preponderance of the MMP-9 gene functional 
polymorphism in patients with schizophrenia.10 Moreover, 
the effects of MMP-9 genetic polymorphisms on periph-
eral (blood) MMP-9 levels have been barely investigated in 
patients with schizophrenia, with only one trial reporting 
no differences for serum MMP-9 concentrations in pa-
tients with different MMP-9 polymorphisms.11

On the other hand, an early trial using a battery of bio-
markers reported elevated MMP-9 blood levels in patients 
with schizophrenia12; authors discussed this finding in 
light of the role of MMP-9 in modulating synaptic plas-
ticity. Some of the later trials contrasted this pattern, re-
porting nonsignificant differences,13,14 whereas other studies 
replicated it.15,16 Additionally, emerging data provided in-
sight into potential moderators or associations of blood 
MMP-9 levels, such as sex, smoking and metabolic status, 
cognitive performance, and psychopathological features, 
as well as antipsychotic treatment effects.11,16 Specifically, 
age and sex did not seem to affect differences for MMP-9 
levels between patients and HCs.11 However, two trials sug-
gested that smokers with schizophrenia had higher MMP-9 
levels compared with nonsmokers11,14; this difference has 
been reported also in HCs and may be related to white 
blood cell count increase in smokers.17 Current evidence 
does not allow conclusions on antipsychotic treatment 
effects on MMP-9 levels, as comparisons have included 
antipsychotic-free patients vs HCs, but not vs medicated 
patients.15,16 Nevertheless, MMP-9 levels did not differ be-
tween first-episode patients (FEP) and HCs,13 although an 
earlier trial reported higher MMP-9 levels in high-risk indi-
viduals converting to a psychotic disorder compared with 
HCs.3 Regarding psychopathological correlates, Positive 
and Negative Syndrome Scale (PANSS) ratings were pos-
itively associated with MMP-9 levels in 44 outpatients,11 
a finding which was neither replicated in a sample of 40 
unmedicated males16 nor 22 clozapine-treated patients with 
treatment-resistant schizophrenia.18 Lastly, MMP-9 levels 
were negatively associated with cognitive performance in 
the combined sample of patients with schizophrenia and 
HCs, but not in the patients with schizophrenia separately,15 
potentially due to lack of statistical power.

Despite the emerging data, the understanding of alter-
ation patterns for MMP-9 and its potential clinical utility 
remains limited. Thus, the purpose of this study was to 
systematically review and meta-analyze data on blood 
measures of MMP-9 in adults with SSD and assess po-
tential moderators of MMP-9 blood levels.

Methods

The study was conducted with the use of MOOSE (Meta-
analysis Of Observational Studies in Epidemiology) 

guidelines for observational studies19 and was reg-
istered with PROSPERO (registration number 
CRD42020189153). Studies of peripheral (serum or 
plasma) MMP-9 levels in patients with SSD were iden-
tified by searching Embase and Medline, using the fol-
lowing search terms: metalloproteinase AND (psych* 
OR schiz* OR mental). Databases were searched last 
on July 15, 2020 for publications, without language re-
striction since data inception. References from identified 
studies were hand-searched for additional studies.

Inclusion and Exclusion Criteria

Type of Studies. Included were observational studies re-
porting on MMP-9 blood concentrations in adults with 
SSD versus HCs or psychiatric controls (PCs), regardless 
of the setting. PCs were individuals with psychiatric diag-
noses other than SSD or at clinical high-risk of psychosis. 
Case reports were excluded.
Types of Participants. Adult patients of both sexes with 
SSD were included. There were no restrictions with re-
gard to treatment setting, illness duration, and dosage 
or duration of antipsychotic treatment. Antipsychotic-
naïve, antipsychotic-free as well as patients receiving an-
tipsychotic treatment were considered.
Comparator. HCs and PCs.
Types of Exposure. Diagnosis of SSD regardless of the 
assessment method in patients.
Outcomes. The primary outcome was defined as stand-
ardized mean difference (SMD) for blood concentrations 
of MMP-9 between patients with SSD vs HCs or PCs. 
Meta-regression analyses assessing the effects of age, per-
centage males, percentage smokers, antipsychotic daily 
dose (in chlorpromazine [CPZ] equivalents), illness du-
ration, and psychopathological rating scale scores were 
performed.

Selection of eligible studies was independently per-
formed by two authors (G.S.  and R.d.F.). In case of 
doubt, papers were discussed and consensus was reached. 
As consensus was reached in all cases, no additional 
co-author was involved.

Data Extraction

Two authors (M.N. and R.d.F.) independently extracted 
data regarding sample sizes, demographic characteristics, 
psychopathological ratings, daily antipsychotic dosages, 
illness duration, types of MMP-9 blood samples, and 
blood MMP-9 levels (mean and SD). Before data entry, 
values were converted to the same unit for each param-
eter and weighted means for covariates were computed 
based on means of subgroups. When data were not pro-
vided, authors were contacted. When data for means 
and variance measures were provided only in figures, the 
WebPlotDigitlizer (version 4.2 for Windows) was used to 
extract data.
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Quality of Studies

The modified version of the Newcastle-Ottawa scale for 
cross-sectional studies was used for quality assessment20; 
we removed the item “representativeness of the exposed 
cohort,” that we judged to be related to applicability, and 
added ascertainment of diagnosis of SSD as described 
elsewhere.21

Statistical Analysis

We used a random-effects model for our primary out-
come, given the potential heterogeneity related to 
patient populations, analytical methods, and the in-
herently large variability of  the laboratory variables. 
Results were summarized using SMD and 95% confi-
dence intervals (CI) and were presented in forest plots. 
The heterogeneity variance parameter (τ2) was calcu-
lated using the DerSimonian-Laird estimator.22 When 
more than one cohort was reported in one study, 
they were considered separately. We also calculated 
the I-square (I2) statistic as a measure of  the propor-
tion of  variability that can be attributed to hetero-
geneity.23 Thereafter, the effects of  demographic and 
clinical parameters were assessed in a meta-regression 
analysis.24 Subgroup analyses included FEP or non-
FEP vs HCs and PCs and type of  sample (plasma vs 
serum); the latter was performed, as the measurement 
of  MMP-9 levels may be very sensitive to pre-analytic 
variables, with high MMP-9 levels being contained 
in white blood cells and platelets that are released 
during blood clotting.17 Further, a sensitivity analysis 
including high-quality studies was conducted. Last, 
we examined the potential of  publication bias using 
funnel plots and Egger’s test.25 All analyses were per-
formed using the meta package in R.26

Results

The electronic database search yielded 1959 articles from 
Medline, 1026 from Embase, and one from the full-text 
reviewed articles’ reference lists. After removing dupli-
cates, 1241 unique articles remained. After exclusion of 
1192 articles based on title and abstract review, 49 arti-
cles were full-text screened, leading to rejection of 38 pa-
pers due to reviews (n = 18), lack of MMP-9 blood levels 
(n = 12), samples with diagnoses other than SSD (n = 5), 
posters with overlapping data (n = 2), and failure to pro-
vide data for mean MMP-9 levels per study group (n = 1). 
Ultimately, 11 studies fulfilled all inclusion criteria and 
were used for data extraction (supplementary figure 1). 
One of these 11 studies separately provided data for seven 
pairs of cohorts (patients with schizophrenia vs HCs),15 
of which six were included individually in our analysis, 
except for one of the cohorts of treatment-resistant schiz-
ophrenia patients, as this cohort had been described in 

a previous publication,18 that was also included in our 
meta-analysis.

Study and Patient Characteristics

We meta-analyzed 11 studies with 1443 individuals (mean 
age = 35.7 ± 14.3 years, 34.5% females) including 643 pa-
tients with SSD (age = 36.7 ± 14.1 years, females = 42.9%, 
mean illness duration = 18.4 ± 10.1 years, mean daily CPZ 
equivalent antipsychotic dose in the SSD group: 209.5 ± 
552.2 mg/day) who were compared with 631 HCs, with 4 
studies containing also a third arm of 169 PCs (major de-
pressive disorder: n = 78, “mood disorders”: n = 21, clin-
ical high risk for psychosis: n = 70; table 1). SSD, PC, and 
HC groups were matched for age and sex in 15 compari-
sons, but only five cohorts were also matched for smoking 
status (table 1).

Primary Outcome

In 11 studies (n = 1443) including 643 patients with SSD 
and 631 HCs, MMP-9 blood levels were significantly 
higher in patients compared with HCs (SMD  =  0.52, 
95%CI = 0.20–0.85, P =  .002) (figure 1). Heterogeneity 
was large (I2 = 87.3%, τ2 = 0.39).

Meta-Regression Analyses

We did not observe effects for illness duration (estimated 
coefficient 0.02, 95%CI = −0.02, 0.07, P = .29), PANSS 
negative scores (estimated coefficient 0.08, 95%CI: 
−0.02, 0.17, P =  .14), CPZ equivalents (estimated co-
efficient 0.01, 95%CI = −0.01, 0.01, P = .72), age (esti-
mated coefficient 0.01, 95%CI = −0.02, 0.04, P = .37), 
sex (estimated coefficient −0.21, 95%CI = −2.25, 1.83, 
P = .84). Conversely, the higher MMP-9 levels in SSD 
vs HCs was significantly moderated by higher PANSS 
positive (estimated coefficient 0.08, 95%CI = 0.02, 0.13, 
P =  .006), PANSS general (estimated coefficient 0.02, 
95%CI = 0.01, 0.03, P < .001), and PANSS total scores 
(estimated coefficient 0.02, 95%CI  =  0.01, 0.02, P < 
.001) (table 2).

Subgroup Analyses

In our subgroup analysis, we did not include two trials 
with implausible results.11,13 In one study, values provided 
as SDs were unusually small and more likely to reflect 
SEs, resulting in an implausible outlier SMD of 1.9; au-
thors were contacted for clarification, but we received no 
response.13 Despite being rated of high quality, another 
study reported very large intergroup differences without 
any overlap, resulting in an implausible SMD of 2.011; 
likewise, authors were contacted, but we did not receive 
any response.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab001#supplementary-data


989

MMP-9 Blood Alterations in Patients with SSD
T

ab
le

 1
. 

C
ha

ra
ct

er
is

ti
cs

 o
f 

In
cl

ud
ed

 S
tu

di
es

 (
in

 C
hr

on
ol

og
ic

al
 O

rd
er

)

A
ut

ho
r, 

y
To

ta
l n

G
ro

up
n

A
ge

 
(S

D
),

 y
%
♀

G
ro

up
s 

M
at

ch
ed

 
F

or
:

D
ur

at
io

n 
of

 I
lln

es
s 

(S
D

),
 y

C
P

Z
E

 
D

os
ag

e 
(S

D
)

PA
N

SS
 

To
ta

l 
(S

D
)

PA
N

SS
 

Po
si

ti
ve

 
(S

D
)

PA
N

SS
 

N
eg

at
iv

e 
(S

D
)

PA
N

SS
 

G
en

er
al

 
(S

D
)

M
M

P
-9

 
L

ev
el

s 
(S

D
),

 
ng

/m
l

Q
ua

lit
y

A
ge

Se
x

Sm
ok

in
g

Sc
he

nn
ac

h-
 

W
ol

ff
, 2

01
2

15
3

SS
D

 
37

N
P

N
P

N
P

N
P

N
P

N
P

N
P

N
P

N
P

N
P

N
P

14
3.

0 
(1

01
.0

)
Po

or

H
ea

lt
hy

  
co

nt
ro

ls
38

N
P

N
P

N
A

N
A

N
A

N
A

N
A

N
A

54
.0

 (
48

.0
)

M
D

D
78

N
P

N
P

N
P

N
P

N
P

N
P

N
P

N
P

13
5.

0 
(1

41
.0

)a

Sc
hw

ar
z,

 2
01

2
13

0
P

ar
an

oi
d 

SZ
 

71
31

.0
 

(1
0.

0)
40

.8
√

√
√

N
P

0.
0 

(0
.0

)
N

P
23

.0
 (

6.
0)

23
.0

 (
8.

0)
N

P
19

.8
4 

(1
5.

64
)

H
ig

h

H
ea

lt
hy

  
co

nt
ro

ls
59

30
.0

 
(8

.0
)

47
.4

N
A

N
A

N
A

N
A

N
A

N
A

14
.0

 (
3.

75
)

Y
am

am
or

i, 
20

13
44

T
R

S
22

38
.1

 
(1

3.
2)

45
.4

√
√

√
17

.2
 (

11
.1

)
89

7.
2 

(2
60

.0
)

10
1.

4 
(N

P
)

23
.0

 (
4.

6)
25

.5
 (

5.
5)

52
.9

 
(9

.6
)

43
.0

 (
22

.4
)

H
ig

h

H
ea

lt
hy

  
co

nt
ro

ls
22

38
.1

 
(1

2.
9)

45
.4

N
A

N
A

N
A

N
A

N
A

N
A

29
.8

 (
17

.4
)

N
iit

su
, 2

01
4

11
5

44
 r

es
id

ua
l S

Z
  

19
 p

ar
an

oi
d 

SZ
63

35
.9

 
(8

.2
)

58
.7

√
√

√
9.

1 
(7

.3
)

32
3.

9 
(1

84
.2

)
45

.0
b

N
P

N
P

N
P

70
0.

9 
(3

30
.8

)
H

ig
h

H
ea

lt
hy

  
co

nt
ro

ls
52

34
.9

 
(7

.3
)

51
.9

N
A

N
A

N
A

N
A

N
A

N
A

67
2.

5 
(3

78
.4

)
D

ev
an

ar
ay

an
an

, 
20

15
80

Sc
hi

zo
ph

re
ni

a
40

28
.3

 
(6

.7
)

0.
0

√
√

N
o

3.
6 

(3
.7

)
0.

0 
(0

.0
)

79
.8

 
(1

2.
9)

23
.0

 (
4.

7)
21

.3
 (

6.
5)

35
.5

 
(5

.7
)

38
.4

 (
10

.3
)

F
ai

r

H
ea

lt
hy

  
co

nt
ro

ls
40

26
.6

 
(4

.5
)

0.
0

N
A

N
A

N
A

N
A

N
A

N
A

30
.5

 (
8.

7)

Sh
ib

as
ak

i, 
20

16
74

3 
SZ

  
5 

C
at

at
on

ic
 S

Z
  

4 
P

ar
an

oi
d 

 
1U

nd
iff

er
en

ti
at

ed

13
46

.9
 

(1
5.

1)
53

.8
√

√
N

o
15

.5
 (

12
.1

)
13

25
.2

 
(8

13
.5

)c
96

.0
b,

c
N

P
N

P
N

P
65

7.
1 

(2
72

.9
)c,

d
F

ai
r

H
ea

lt
hy

  
co

nt
ro

ls
40

54
.2

 
(1

3.
9)

65
.0

N
A

N
A

N
A

N
A

N
A

N
A

47
8.

6 
(2

17
.1

)c,
d

M
oo

d 
 

di
so

rd
er

s
21

58
.5

 
(1

5.
4)

71
.4

7.
4 

(8
.4

)
N

A
N

A
N

A
N

A
N

A
57

8.
9 

(2
60

.6
)a,

c,
d

A
li,

 2
01

7
94

Sc
hi

zo
ph

re
ni

a
44

25
.1

 
(4

.0
)

22
.7

√
√

√
2.

0 
(1

.0
– 

3.
0)

e
N

P
15

2.
1 

(2
0.

6)
33

.0
 (

4.
3)

28
.3

 (
5.

9)
90

.9
 

(1
3.

3)
89

.4
7 

(6
2.

2)
H

ig
h

H
ea

lt
hy

  
co

nt
ro

ls
50

26
.1

 
(3

.9
)

36
.0

N
A

N
A

N
A

N
A

N
A

N
A

3.
5 

(2
.1

)

Je
ff

ri
es

, 2
01

8
10

7
F

E
P

32
19

.2
 

(3
.7

)
30

.3
√

√
N

o
N

P
N

P
N

P
N

P
N

P
N

P
17

9.
0 

(2
63

.0
1)

F
ai

r

H
ea

lt
hy

 c
on

tr
ol

s
35

20
.0

 
(4

.5
)

34
.0

N
A

N
A

N
A

N
A

N
A

N
A

11
5.

4 
(6

9.
03

)
C

lin
ic

al
 h

ig
h-

ri
sk

40
19

.5
 

(4
.6

)
37

.5
N

A
N

A
N

A
N

A
N

A
N

A
10

7.
56

 
(5

6.
4)

A
ra

bs
ka

, 2
01

9
96

P
ar

an
oi

d 
SZ

 
64

49
.0

 
(8

.2
)

54
.7

√
√

N
o

N
P

f
66

8.
1 

(3
15

.8
)

N
P

N
P

N
P

N
P

45
6.

8 
(2

78
.4

)
F

ai
r

H
ea

lt
hy

 c
on

tr
ol

s
32

51
.0

 
(8

.9
) 

46
.9

N
A

N
A

N
A

N
A

N
A

N
A

34
1.

5 
(1

62
.4

)



990

G. Schoretsanitis et al

A
ut

ho
r, 

y
To

ta
l n

G
ro

up
n

A
ge

 
(S

D
),

 y
%
♀

G
ro

up
s 

M
at

ch
ed

 
F

or
:

D
ur

at
io

n 
of

 I
lln

es
s 

(S
D

),
 y

C
P

Z
E

 
D

os
ag

e 
(S

D
)

PA
N

SS
 

To
ta

l 
(S

D
)

PA
N

SS
 

Po
si

ti
ve

 
(S

D
)

PA
N

SS
 

N
eg

at
iv

e 
(S

D
)

PA
N

SS
 

G
en

er
al

 
(S

D
)

M
M

P
-9

 
L

ev
el

s 
(S

D
),

 
ng

/m
l

Q
ua

lit
y

A
ge

Se
x

Sm
ok

in
g

H
e,

 2
01

9
89

F
E

P
30

19
.6

 
(3

.7
)

30
.0

√
√

N
o

N
P

N
P

N
P

N
P

N
P

N
P

11
.5

 (
1.

0)
Po

or

H
ea

lt
hy

 c
on

tr
ol

s
29

20
.4

 
(1

.1
)

41
.4

N
A

N
A

N
A

N
A

N
A

N
A

13
.7

 (
1.

3)

C
lin

ic
al

 h
ig

h-
ri

sk
30

19
.8

 
(4

.2
)

30
.0

N
A

N
A

N
A

N
A

N
A

N
A

15
.5

 (
1.

2)

K
ud

o,
 2

02
0 

(O
sa

ka
-1

)
67

SZ
32

57
.3

 
(1

1.
9)

65
.6

√
√

N
o

20
.5

 (
15

.1
)

60
8.

8 
(5

05
.4

)
72

.7
 

(2
5.

5)
18

.4
 (

7.
3)

17
.5

 (
7.

4)
36

.8
 

(1
2.

7)
38

.4
 (

20
.0

)
F

ai
r

H
ea

lt
hy

 c
on

tr
ol

s
35

54
.5

 
(5

.9
)

57
.1

N
A

N
A

N
A

N
A

N
A

N
A

22
.2

 (
10

.1
)

K
ud

o,
 2

02
0 

(O
sa

ka
-2

)
79

SZ
39

38
.0

 
(1

2.
3)

48
.7

√
√

N
o

11
.4

 (
9.

9)
56

2.
6 

(3
98

.3
)

79
.0

 
(2

3.
1)

17
.1

 (
5.

6)
19

.6
 (

5.
6)

42
.2

 
(1

3.
1)

27
.6

 (
18

.8
)

H
ea

lt
hy

 c
on

tr
ol

s
40

37
.8

 
(1

2.
2)

50
.0

N
A

N
A

N
A

N
A

N
A

N
A

19
.3

 (
7.

7)

K
ud

o,
 2

02
0 

(O
sa

ka
-3

)
80

SZ
40

41
.4

 
(1

1.
8)

50
.0

√
√

N
o

N
P

N
P

N
P

N
P

N
P

N
P

50
.9

 (
53

.7
)

H
ea

lt
hy

 c
on

tr
ol

s
40

42
.3

 
(1

2.
2)

50
.0

N
A

N
A

N
A

N
A

N
A

N
A

19
.1

 (
9.

3)

K
ud

o,
 2

02
0 

(D
ru

g-
fr

ee
)

77
SZ

37
35

.5
 

(1
3.

1)
37

.8
√

√
√

9.
5 

(7
.4

)
0.

0 
(0

.0
)

79
.9

 
(2

5.
8)

20
.1

 (
6.

5)
18

.4
 (

6.
8)

41
.4

 
(1

4.
6)

31
.3

 (
15

.8
)

H
ea

lt
hy

 c
on

tr
ol

s
40

35
.5

 
(1

2.
3)

42
.5

N
A

N
A

N
A

N
A

N
A

N
A

21
.9

 (
10

.5
)

K
ud

o,
 2

02
0 

(T
ok

us
hi

m
a)

79
SZ

40
55

.2
 

(7
.2

)
50

.0
√

√
N

o
N

P
N

P
N

P
N

P
N

P
N

P
43

.5
 (

29
.6

)

H
ea

lt
hy

 c
on

tr
ol

s
39

52
.2

 
(7

.2
)

51
.3

N
A

N
A

N
A

N
A

N
A

N
A

44
.5

 (
23

.2
)

K
ud

o,
 2

02
0 

(C
hi

ba
)

79
SZ

39
31

.8
 

(5
.7

)
50

.0
√

√
N

o
6.

9 
(4

.2
)

N
P

N
P

N
P

N
P

N
P

37
.7

 (
24

.8
)

H
ea

lt
hy

 c
on

tr
ol

s
40

32
.4

 
(6

.2
)

50
.0

N
A

N
A

N
A

N
A

N
A

N
A

29
.7

 (
19

.5
)

To
ta

l 
14

43
SS

D
64

3
36

.7
 

(1
4.

1)
42

.9
Y

es
 (

fo
r 

al
l 3

):
 5

  
N

o/
N

P
: 1

1
10

.6
 (

10
.2

)
20

9.
5 

(5
52

.2
)

95
.0

 
(3

8.
1)

22
.8

 (
7.

5)
22

.1
 (

7.
6)

51
.1

 
(2

4.
0)

17
1.

3 
(2

77
.6

)
H

ig
h:

4 
 

F
ai

r:
 5

  
Po

or
: 2

H
ea

lt
hy

 c
on

tr
ol

s
63

1
36

.7
 

(1
4.

0)
44

.7
N

A
N

A
N

A
N

A
N

A
N

A
12

7.
6 

(2
43

.6
)

P
C

16
9

28
.6

 
(1

8.
4)

42
.8

7.
4 

(8
.4

)
N

A
N

A
N

A
N

A
N

A
16

2.
4 

(2
11

.7
)

N
ot

e:
 ♀

, f
em

al
es

; √
, y

es
; C

P
Z

E
, c

hl
or

pr
om

az
in

e 
eq

ui
va

le
nt

s;
 F

E
P,

 fi
rs

t-
ep

is
od

e 
pa

ti
en

ts
; M

D
D

, m
aj

or
 d

ep
re

ss
iv

e 
di

so
rd

er
; M

M
P

-9
, m

at
ri

x 
m

et
al

lo
pr

ot
ei

na
se

 9
; N

A
, n

ot
 a

pp
li-

ca
bl

e;
 N

P,
 n

ot
 p

ro
vi

de
d;

 P
A

N
SS

, P
os

it
iv

e 
an

d 
N

eg
at

iv
e 

Sy
nd

ro
m

e 
Sc

al
e;

 P
C

, p
sy

ch
ia

tr
ic

 c
on

tr
ol

s;
 S

SD
, s

ch
iz

op
hr

en
ia

 s
pe

ct
ru

m
 d

is
or

de
rs

; S
Z

, s
ch

iz
op

hr
en

ia
; T

R
S,

 t
re

at
m

en
t-

re
si

st
an

t 
sc

hi
zo

ph
re

ni
a.

 Q
ua

lit
y 

as
se

ss
m

en
ts

 w
er

e 
ba

se
d 

on
 t

he
 N

ew
ca

st
le

-O
tt

aw
a 

sc
al

e 
fo

r 
cr

os
s-

se
ct

io
na

l s
tu

di
es

.
a D

at
a 

w
er

e 
no

t 
in

cl
ud

ed
 in

 t
he

 a
na

ly
si

s 
as

 w
e 

fo
cu

se
d 

on
 p

at
ie

nt
s 

w
it

h 
sc

hi
zo

ph
re

ni
a 

sp
ec

tr
um

 d
is

or
de

rs
, b

ut
 a

re
 p

ro
vi

de
d 

he
re

 fo
r 

re
as

on
s 

of
 c

om
pl

et
en

es
s.

b A
ss

es
sm

en
ts

 in
cl

ud
ed

 t
he

 B
ri

ef
 P

sy
ch

ia
tr

ic
 R

ep
or

ti
ng

 S
ca

le
s 

(B
P

R
S)

; B
P

R
S 

va
lu

es
 w

er
e 

co
nv

er
te

d 
to

 P
A

N
SS

 u
si

ng
 e

qu
iv

al
en

ts
 p

ub
lis

he
d 

el
se

w
he

re
.27

c A
ut

ho
rs

 p
ro

vi
de

d 
da

ta
 b

ef
or

e 
an

d 
af

te
r 

el
ec

tr
oc

on
vu

ls
iv

e 
th

er
ap

y 
(E

C
T

).
 H

er
e 

w
e 

pr
ov

id
e 

pr
e-

E
C

T
 d

at
a.

d D
at

a 
ex

tr
ac

te
d 

fr
om

 fi
gu

re
s 

us
in

g 
a 

W
eb

P
lo

tD
ig

it
liz

er
 (

ve
rs

io
n 

4.
2 

fo
r 

W
in

do
w

s)
.

e M
ed

ia
n 

va
lu

es
.

f A
ut

ho
rs

 p
ro

vi
de

d 
tr

ea
tm

en
t 

du
ra

ti
on

 (
15

.2
 ±

 8
.7

 y
ea

rs
) 

in
st

ea
d 

of
 il

ln
es

s 
du

ra
ti

on
.

T
ab

le
 1

. 
C

on
ti

nu
ed



991

MMP-9 Blood Alterations in Patients with SSD

MMP-9 Blood Levels FEP and Non-FEP vs HCs 
and PCs

MMP-9 levels were higher in FEP vs HCs (k = 2 studies, 
n  =  103, SMD  =  0.44, 95%CI  =  0.15, 0.72, between 
groups, P  =  .71), and in non-FEP vs. HCs (k  =  12, 
n = 466, SMD = 0.59, 95%CI = 0.38, 0.80, P = .34) (FEP 
vs non-FEP: P = .39), but not in PCs vs HCs (n = 139, 
SMD = 0.33, 95%CI = −0.16, 0.82, P =  .71) (figures 2 
and 3).

MMP-9 Blood Levels in Studies Using Serum vs 
Plasma Samples

In nine trials, plasma levels of  MMP-9 were higher 
in patients with SSD compared with HCs (n  =  318, 
SMD  =  0.60, 95%CI  =  −0.07, 0.83), with moderate 

heterogeneity (I2  =  56.5%, τ2  =  0.08). In five trials 
using serum samples, higher MMP-9 levels in patients 
with SSD vs HCs were observed (n = 251, SMD = 0.48, 
95%CI = 0.22, 0.74). However, no differences between 
studies using vs serum samples were observed (P = .50). 
Heterogeneity was moderate (I2  =  45.7%, τ2  =  0.04) 
(table 3).

Sensitivity Analyses

In a sensitivity analysis including the four trials that 
were rated as high quality (which were also the trials 
that controlled for smoking status), MMP-9 blood 
levels were significantly higher in patients with SSD 
than HCs (n = 191, SMD = 0.82, 95%CI = 0.03, 1.61, 
P  =  .042). Heterogeneity remained large (I2  =  92.2%, 
τ2 = 0.59) (table 3).

Publication Bias

Neither the visual inspection of funnel plots (supplemen-
tary figure 2) nor the Egger’s test results (P = .96) revealed 
signs of publication bias.

Quality Assessment

Lack of critical information included assessment methods 
for diagnosis of SSD, matching processes for smoking 
status, and sample size estimation. Of studies included for 
the primary outcome, four were rated as high, five as fair, 
and two as poor quality (supplementary table 1).

Table 2. Meta-Regression Analyses

Coefficient
Lower  
95%CI

Upper  
95%CI P Value

Sex −0.21 −2.25 1.83 .84
Age 0.01 −0.02 0.04 .37
CPZE 0.01 −0.01 0.01 .72
Illness duration 0.02 −0.02 0.07 .29
PANSS positive 0.08 0.02 0.13 .006
PANSS negative 0.07 −0.02 0.17 .14
PANSS general 0.02 0.01 0.03 <.001
PANSS total 0.02 0.01 0.02 <.001

Note: CI, confidence interval; CPZE, chlorpromazine equivalents; 
PANSS, Positive and Negative Syndrome Scale.

Study

Random effects model
Heterogeneity: I2 = 87%, τ2 = 0.3879, p < 0.01

-2

Schennach-Wolff, 2012
Schwarz, 2012
Yamamori, 2013
Niitsu, 2014
Devanarayanan, 2015
Shibasaki, 2016
Ali, 2017
Jeffries, 2018
Arabska, 2019
He, 2019
Kudo (Osaka-1), 2020
Kudo (Osaka-2), 2020
Kudo (Osaka-3), 2020
Kudo (Drug free), 2020
Kudo (Tokushima), 2020
Kudo (Chiba), 2020

Total

643

37
71
22
63
40
13
44
32
64
30
32
39
40
37
40
39

Mean

143.00
19.84
43.00

700.92
38.40

657.05
89.48

179.00
456.80
11.50
38.40
27.60
50.90
31.30
43.50
37.70

SD

101.00
15.64
22.40

330.81
10.30

272.95
62.27

263.01
278.40

1.01
20.00
18.80
53.70
15.80
29.60
24.80

Total

631

38
59
22
52
40
40
50
35
32
29
35
40
40
40
39
40

Mean

54.00
14.00
29.80
672.49
30.50
478.56
3.54

115.40
341.50
13.76
22.20
19.30
19.10
21.90
44.50
29.70

SD

48.00
3.75
17.40
378.36
8.70

217.10
2.05
69.03
162.40
1.35
10.10
7.70
9.30
10.50
23.20
19.50

Standardised Mean
Difference SMD

0.52

1.12
0.49
0.65
0.08
0.82
0.76
2.00
0.33
0.46

-1.88
1.02
0.57
0.82
0.70

-0.04
0.36

95%-CI

[ 0.20;  0.85]

[ 0.63;  1.61]
[ 0.14;  0.84]
[ 0.04;  1.25]
[-0.29;  0.45]
[ 0.36;  1.28]
[ 0.12;  1.40]
[ 1.50;  2.50]
[-0.15;  0.82]
[ 0.03;  0.89]
[-2.49; -1.26]
[ 0.51;  1.54]
[ 0.12;  1.03]
[ 0.36;  1.27]
[ 0.24;  1.16]
[-0.48;  0.40]
[-0.09;  0.80]

100.0%

6.2%
6.7%
5.8%
6.6%
6.3%
5.7%
6.2%
6.3%
6.4%
5.8%
6.2%
6.4%
6.3%
6.3%
6.4%
6.4%

Weight

-1 1 20

SSD Healthy controls

Higher MMP-9 levels in healthy controls Higher MMP-9 levels in patients with SSD

Fig. 1. Matrix metalloproteinase-9 (MMP-9) blood levels (ng/ml) in patients with schizophrenia spectrum disorders (SSD) vs healthy 
controls.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab001#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab001#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab001#supplementary-data
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Study

Random effects model
Heterogeneity: I2 = 45%, τ2 = 0.0404, p = 0.12
Residual heterogeneity: I2 = 58%, p = 0.07

FEP

Psychiatric controls

Random effects model

Random effects model

Heterogeneity: I2 = 0, τ2 = 0, p = 0.61

Heterogeneity: I2 = 71%, τ2 = 0.1324, p = 0.03 

Schwarz, 2012
Jeffries, 2018

Schennach-Wolff, 2012
Shibasaki, 2016
Jeffries, 2018

Total

242

103

139

71
32

78
21
40

Mean

19.84
179.00

135.00
578.90
107.56

SD

15.64
263.01

141.00
260.60
56.40

Total

207

94

113

59
35

38
40
35

Mean

14.00
115.40

54.00
478.56
115.40

SD

3.75
69.03

48.00
217.10
69.03

Healthy controls

-1 -0.5 0 0.5 1

Standardised Mean
Difference SMD

0.38

0.44

0.33

0.49
0.33

0.68
0.43

-0.12

95%-CI

[ 0.11; 0.64]

[ 0.15; 0.72]

[-0.16; 0.82]

[ 0.14; 0.84]
[-0.15; 0.82]

[ 0.28; 1.07]
[-0.11; 0.96]
[-0.58; 0.33]

(random)

100.0%

42.9%

57.1%

25.0%
17.9%

22.2%
15.8%
19.2%

Weight

Higher MMP-9 levels in healthy controls Higher MMP-9 levels in FEP / psychiatric controls
Test for subgroup differences: Q = 0.13, p = 0.7154

Fig. 2. Matrix metalloproteinase-9 (MMP-9) blood levels (ng/ml) in patients with first-episode patients (FEP) and psychiatric controls vs 
healthy controls.

Study

Random effects model
Heterogeneity: I2 = 60% , τ2 = 0.0832, p < 0.01
Residual heterogeneity: I2 = 60%, p < 0.01 

non-FEP 

Psychiatric controls

Random effects model

Random effects model

Heterogeneity: I2 = 58%, τ2 = 0.0778, p < 0.01

Heterogeneity: I2 = 71%, τ2 = 0.1324, p = 0.03

Schennach-Wolff, 2012
Yamamori, 2013
Niitsu, 2014
Devanarayanan, 2015
Shibasaki, 2016
Arabska, 2019
Kudo (Osaka-1), 2020
Kudo (Osaka-2), 2020
Kudo (Osaka-3), 2020
Kudo (Drug free), 2020
Kudo (Tokushima), 2020
Kudo (Chiba), 2020

Schennach-Wolff, 2012
Shibasaki, 2016
Jeffries, 2018

Total

605

466

139

37
22
63
40
13
64
32
39
40
37
40
39

78
21
40

Mean

143.00
43.00

700.92
38.40

657.05
456.80

38.40
27.60
50.90
31.30
43.50
37.70

135.00
578.90
107.56

SD

101.00
22.40

330.81
10.30

272.95
278.40

20.00
18.80
53.70
15.80
29.60
24.80

141.00
260.60

56.40

Total

571

458

113

38
22
52
40
40
32
35
40
40
40
39
40

38
40
35

Mean

54.00
29.80

672.49
30.50

478.56
341.50

22.20
19.30
19.10
21.90
44.50
29.70

54.00
478.56
115.40

SD

48.00
17.40

378.36
8.70

217.10
162.40

10.10
7.70
9.30

10.50
23.20
19.50

48.00
217.10

69.03

Healthy controls

-1.5 -1 -0.5 0 0.5 1 1.5

Standardised Mean
Difference SMD

0.54

0.59

0.33

1.12
0.65
0.08
0.82
0.76
0.46
1.02
0.57
0.82
0.70

-0.04
0.36

0.68
0.43

-0.12

95%-CI

[ 0.35; 0.73]

[ 0.38; 0.80]

[-0.16; 0.82]

[ 0.63; 1.61]
[ 0.04; 1.25]
[-0.29; 0.45]
[ 0.36; 1.28]
[ 0.12; 1.40]
[ 0.03; 0.89]
[ 0.51; 1.54]
[ 0.12; 1.03]
[ 0.36; 1.27]
[ 0.24; 1.16]
[-0.48; 0.40]
[-0.09; 0.80]

[ 0.28; 1.07]
[-0.11; 0.96]
[-0.58; 0.33]

(random)

100.0%

79.5%

20.5%

6.5%
5.3%
8.0%
6.9%
4.9%
7.2%
6.2%
6.9%
6.9%
6.8%
7.0%
7.0%

7.6%
6.0%
6.9%

Weight

Test for subgroup differences: Q = 0.90, p = 0.3419
Higher MMP-9 levels in healthy controls Higher MMP-9 levels in non-FEP / psychiatric controls

Fig. 3. Matrix metalloproteinase-9 (MMP-9) blood levels (ng/ml) in patients who were not first-episode patients (non-FEP) and 
psychiatric controls vs healthy controls.
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Discussion

As the theoretical framework on neuroinflammatory pro-
cesses underpinning SSD is gaining attention, the search 
for specific alteration patterns of immune system pro-
teins in patients is ongoing. This meta-analysis provides 
evidence of higher MMP-9 levels in patients with SSD vs 
HCs. When including only high-quality studies, the same 
pattern of findings remained. These results may be con-
sidered in light of the role of MMP-9 in the interplay of 
hippocampal gelatinolytic and postsynaptic NMDA ac-
tivity,7 although the relationship between peripheral and 
central MMP-9 levels remains unclear. However, if  we 
assume that peripheral levels reflect MMP-9 levels in the 
CNS, elevated MMP-9 levels may be linked to NMDA 
hypofunction.28 In the context of deficits regarding 
NMDA signaling, alterations of MMP-9 may be a proxy 
for redox dysregulation.1,8,11,29 Specifically, rodent models 
highlighted the key role of MMP-9 in the loop linking 
oxidative stress and neuroinflammatory processes29; this 
model displayed that early inhibition of MMP-9 activa-
tion allowed normalization of neuronal development. In 
a case-control study of antipsychotic-free patients with 
schizophrenia, MMP-9 serum levels were negatively cor-
related with total antioxidant status.16 Therefore, excess 
MMP-9 levels in patients with schizophrenia may rep-
resent an overpotentiation of the loop linking oxidative 
stress and neuroinflammation. In other words, the in-
creased release of MMP-9 may be linked to a cytokine 
secretion cascade that may perpetuate the oxidative stress 
process.29 Alternative peripheral measures of antioxidant 
defense activity, such as glutathione levels, have previ-
ously reported deficits in patients with schizophrenia.30 
Therefore, the elevated MMP-9 levels may reflect altered 
patterns of antioxidant activity.

Of specific interest are the psychopathological correl-
ates of the elevated MMP-9 levels. In the meta-regression 
analysis, higher PANSS total, and general and positive 
subscales were associated with higher MMP-9 levels. 
Administering the PANSS does not provide specific as-
sessments of cognition.31 However, a trial including 
cognitive scales reported a negative correlation be-
tween MMP-9 levels and general cognitive and memory 
performance in the pooled sample of patients with 

schizophrenia and HCs.15 It could also be hypothesized 
that the larger differences for MMP-9 levels between HCs 
and SSD subjects with higher PANSS general ratings 
may have masked higher cognitive deficits.32 Specifically, 
a study investigating seven SSD cohorts reported negative 
associations between MMP-9 levels and several cognitive 
scales ratings,15 i.e. subjects with higher MMP-9 levels 
had lower scores in several intelligence quotient, memory, 
attention, and concentration assessments. Likewise, one 
study reported a negative association between MMP-9 
serum levels and fluency test ratings.33 In alignment 
with these findings, a more recent study reported higher 
MMP-9 levels in patients with lower fluency and language 
test ratings.34 Therefore, MMP-9 alterations may possibly 
identify an endophenotype in SSD characterized by cog-
nitive dysfunction. However, future studies are needed to 
test this hypothesis further. The role of cognition ties in 
well with the theoretical framework linking MMP-9 al-
terations, NMDA signaling, and cognitive symptoms.35

Additionally, in samples with higher PANSS posi-
tive scales ratings, larger elevations in MMP-9 levels in 
SSD vs HCs were observed. This finding suggests that 
MMP-9 upregulation may be related to positive symp-
toms, although the included data reflect cross-sectional 
assessments. To interpret this finding, we may consider 
previous evidence linking positive symptoms with deficits 
in glutamatergic neurotransmission.36 Although the direc-
tion of the association is unclear, it needs to be examined 
whether MMP-9 central and peripheral upregulation is 
involved in the pathophysiological mechanisms linking 
positive symptoms and altered neurotransmitter plas-
ticity. An interplay of positive and cognitive symptoms 
in the grounds of hippocampal hyperactivity can be 
also proposed.37 Volumetric research has also connected 
positive symptoms with alterations in hippocampal 
subfields.38 The hippocampus is richly innervated with 
neurons, which are structurally and physiologically regu-
lated by the MMP-9.39

Our subgroup analyses yielded numerically smaller dif-
ferences in FEP vs HCs than non-FEP vs HCs. Likewise, 
we did not find a significant effect for illness duration 
in our meta-regression, yet, this may have been related 
to the inclusion of mainly patients with chronic illness 

Table 3. Subgroup and Sensitivity Analyses

k N SMD (95% CI) P Value I2 (%)

Fixed effects model 16 1274 0.53 (0.41, 0.65) <.001 87.3
Exclusion of two trialsa 14 1121 0.56 (0.38, 0.74) <.001 51.7
Studies using plasma samplesa 9 647 0.60 (0.36, 0.85) <.001 56.5
Studies using serum samplesa 5 474 0.48 (0.22, 0.74) <.001 45.7
High-quality studies 4 392 0.82 (0.03, 1.61) .04 92.2
High- and fair-quality studies 14 1140 0.63 (0.38, 0.88) <.001 75.8

Note: CI, confidence interval; k, number of studies; N, number of participants; SMD, standardized mean difference.
aAfter excluding two trials with implausible results.11,13
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and deserves further research. When assessing separately 
trials using plasma vs serum samples, MMP-9 differences 
were slightly higher in studies using plasma samples. 
Assessment of MMP-9 may be very sensitive to pre-
analytic variables, as high MMP-9 levels are contained 
in white blood cells and platelets released during blood 
clotting.17 The use of different types of samples may also 
have contributed to the large heterogeneity of our find-
ings and, ideally, future studies would always assess and 
report MMP-9 levels in serum and plasma to allow for 
full comparability across studies.

Results of this study need to be interpreted within its 
limitations. First, the heterogeneity of the included ob-
servational trials poses the most severe limitation of our 
findings and justified our decision to perform random-
effects model. A major driver of the heterogeneity may 
have been the sample type; therefore, meta-analytically 
combining studies using serum and plasma samples for 
MMP-9 may not be recommended, although future meta-
analyses of peripheral markers may need to make meth-
odological choices based on the individual properties of 
the target marker and the available literature on com-
parability between different sample types. For example, 
a previous meta-analysis of peripheral brain-derived 
neurotrophic factor levels in major depression reported 
different patterns for studies using serum and plasma 
samples,40 highlighting at least the need to compare re-
sults from different sample sources. Second, our findings 
refer to a potential role of confounders that were insuf-
ficiently assessed in the available studies. For example, 
only a small number of study groups were matched for 
smoking status; nevertheless, our sensitivity analysis of 
high-quality studies, including only samples matching 
for smoking status, replicated elevated MMP-9 levels in 
patients with SSD compared with HCs. Third, including 
more patients with recent-onset illness may have pro-
vided a better account of MMP-9 peripheral alterations 
as function of illness course. Fourth, information on an-
tipsychotic treatment duration could have provided more 
sophisticated insight into treatment effects. Sixth, our 
power to assess the specificity of MMP-9 alterations for 
SSD was limited by the few studies and small samples 
with PCs. Nevertheless, as PCs received psychopharma-
cological treatment, this fact reduces the likelihood that 
reported differences for MMP-9 are driven by treatment 
effects. However, future studies should control for med-
ication differences. Seventh, since none of the studies 
assessed cognition, we could not investigate a potential 
interaction between elevated MMP-9 levels and cognitive 
dysfunction. Finally, we were unable to test the hypoth-
esis that increased MMP-9 levels in SSD provide a link to 
increased oxidative stress and inflammation, as such data 
were not concurrently assessed in the available studies.

In summary, results of this first meta-analysis of MMP-9 
blood levels in SSD suggest a potential role for MMP-9 
upregulation in pathophysiological processes underlying 

schizophrenia. Patients with SSD had higher MMP-9 
levels compared with HCs and higher MMP-9 levels were 
associated with higher PANSS total and general and pos-
itive subscale ratings. Prospective studies focusing on the 
dynamic course of the interaction between MMP-9 al-
terations and psychopathological features are required to 
shed additional light on the temporal fashion of this in-
terplay in patients with SSD. Future research on MMP-9 
as potential biomarker also needs to put more emphasis 
on unraveling the role of relevant clinical and biological 
factors, such as cognitive performance correlates, various 
psychopathology components within SSD, duration of 
antipsychotic-exposure, measures of oxidative stress and 
inflammation, and analytical method variables. A better 
understanding of these factors and of biological under-
pinnings of MMP-9 dysregulation could contribute to 
improving knowledge about the neuroimmunological 
aspects of schizophrenia.
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