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Biology of Sex Differences

Sex‑specific associations of matrix 
metalloproteinases in Alzheimer’s disease
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Abstract 

Introduction  Alzheimer’s disease (AD) can be characterised in vivo by biomarkers reflecting amyloid-β (Aβ) and tau 
pathology. However, there is a need for biomarkers reflecting additional pathological pathways. Matrix metallopro‑
teinases (MMPs) have recently been highlighted as candidate biomarkers for sex-specific mechanisms and progres‑
sion in AD.

Methods  In this cross-sectional study, we investigated nine MMPs and four tissue inhibitors of metalloproteinases 
(TIMPs) in the cerebrospinal fluid of 256 memory clinic patients with mild cognitive impairment or dementia due to 
AD and 100 cognitively unimpaired age-matched controls. We studied group differences in MMP/TIMP levels and 
examined the associations with established markers of Aβ and tau pathology as well as disease progression. Further, 
we studied sex-specific interactions.

Results  MMP-10 and TIMP-2 levels differed significantly between the memory clinic patients and the cognitively 
unimpaired controls. Furthermore, MMP- and TIMP-levels were generally strongly associated with tau biomarkers, 
whereas only MMP-3 and TIMP-4 were associated with Aβ biomarkers; these associations were sex-specific. In terms of 
progression, we found a trend towards higher MMP-10 at baseline predicting more cognitive and functional decline 
over time exclusively in women.

Conclusion  Our results support the use of MMPs/TIMPs as markers of sex differences and progression in AD. Our 
findings show sex-specific effects of MMP-3 and TIMP-4 on amyloid pathology. Further, this study highlights that the 
sex-specific effects of MMP-10 on cognitive and functional decline should be studied further if MMP-10 is to be used 
as a prognostic biomarker for AD.

Plain English summary 

Analysis of the cerebrospinal fluid can provide insights into neurological diseases. In Alzheimer’s disease, the most 
common cause of dementia, low levels of the protein amyloid-β and high levels of phosphorylated tau in the cer‑
ebrospinal fluid are important biomarkers for diagnosis. However, analysis of other proteins might help us understand 
the cause of sex differences in Alzheimer’s disease. In this study, we have investigated a family of proteins called 
matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs). We have compared the levels of 
these proteins in patients with Alzheimer’s disease and age-matched controls without Alzheimer’s disease. We have 
investigated whether these proteins are associated with the established biomarkers amyloid-β and phosphorylated 
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tau or disease progression; further, we studied whether there are differences between men and women. Two of the 
studied proteins, MMP-10 and TIMP-2, differed between the patients with Alzheimer’s disease and the controls. Gener‑
ally, MMP- and TIMP-levels were strongly associated with phosphorylated tau, but only two markers were associated 
with amyloid-β: MMP-3 in men and TIMP-4 in women. In women, our results also suggest that higher MMP-10 could 
predict more cognitive and functional decline over time, but this finding is uncertain. Overall, our study supports the 
use of MMPs and TIMPs as biomarkers for sex differences and progression in Alzheimer’s disease.

Highlights 

•	 MMPs and TIMPs can be useful markers of sex differences and disease progression in Alzheimer’s disease
•	 MMP-3 was associated with amyloid pathology in men but not in women and TIMP-4 was associated with amy-

loid pathology in women but not men
•	 We found a trend towards a female-specific effect of MMP-10 on cognitive and functional decline in Alzhei-

mer’s disease patients.

Keywords  Alzheimer disease, Biomarkers, Cerebrospinal fluid, Cognitive decline, Matrix metalloproteinases, 
Neurodegenerative diseases, Prognosis, Sex differences, Tissue inhibitor of metalloproteinases

Background
Alzheimer’s disease is a progressive neurodegenerative 
disorder characterised by amyloid-β (Aβ) and tau pathol-
ogy. Biomarkers reflecting these pathological hallmarks 
can be measured in the cerebrospinal fluid (CSF) years to 
decades before symptom onset [1]. Beyond these estab-
lished biomarkers, there is great interest in biomark-
ers reflecting additional pathological pathways such as 
neuroinflammation, which could be used as prognostic 
biomarkers or indicate mechanisms underlying sex dif-
ferences in AD. Candidate biomarkers include matrix 
metalloproteinases (MMPs), a family of proteins with 
important roles in the modulation of neuroinflammation.

MMPs are proteases with several different substrates 
and are implicated in diverse physiological processes; for 
an overview of the 24 proteinases in the human MMP 
family, see for example Rivera et  al. [2] Of especial rel-
evance to AD, several MMPs have important roles in 
blood–brain barrier (BBB) permeability and neuroin-
flammation [3–7]. Moreover, several MMPs have direct 
interactions with Aβ and tau, and have higher expres-
sion in AD brains [8–10]. Indeed, MMPs are involved 
in Aβ degradation [11, 12], and MMPs have been found 
expressed in Aβ plaques [13, 14]. MMP-2, MMP-3 and 
MMP-9 are tau degrading enzymes [15], and in the AD 
brain active MMP-2 and MMP-9 colocalise with phos-
phorylated tau in neurofibrillary tangles [16, 17]. MMP 
activity is closely regulated by four tissue inhibitors 
of metalloproteinases (TIMPs) [7]; TIMP-1, TIMP-2, 
TIMP-3 and TIMP-4. These TIMPs have also been linked 
to AD pathology and are upregulated in early disease 
stages in AD models [18–21].

Several MMPs and TIMPs have been studied in the 
CSF as potential biomarkers for AD, with mixed results 
[22–30]. However, MMPs have only recently been high-
lighted as promising candidate biomarkers for studying 
progression in AD [31]. Indeed, selected MMPs (MMP-2 
and MMP-10) have recently been linked to conversion 
from mild cognitive impairment (MCI) to AD dementia 
[31, 32]. These proteins could be prognostic biomark-
ers that are independent of Aβ and tau pathology [31], 
but their impact on cognitive and functional decline in 
patients with established cognitive impairment remain 
to be explored. Simultaneously, MMPs have been high-
lighted as candidate biomarkers for sex-specific mecha-
nisms driving neurological disorders such as AD [33], 
in part due to their interactions with the hormone 
17β-oestradiol [34]. In line with this, sex differences in 
MMP-3 levels and sex-specific interactions with cogni-
tive function have been reported [35, 36]. Nonetheless, 
few studies have aggregated data by sex [33].

The purpose of the current study was to investigate 
nine MMPs and four TIMPs in a memory clinic cohort 
with AD and elaborate on the associations with estab-
lished markers of Aβ and tau pathology as well as func-
tional and cognitive decline over time. Moreover, we 
aimed to investigate sex-specific interactions.

Methods
Study design
This was a cross-sectional study including patients from 
two Norwegian memory clinics (128 patients from 
Oslo University Hospital and 128 patients from St. Olav 
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University Hospital, Trondheim) included in the Norwe-
gian Registry of Persons Assessed for Cognitive Symp-
toms (NorCog) and 100 cognitively unimpaired (CU) 
controls recruited to the Cognorm study from surgical 
departments at Oslo University Hospital and Diakon-
hjemmet Hospital (Oslo, Norway).

Memory clinic patients
Patients were included in NorCog between 2009 and 
2018. Patients diagnosed with MCI-AD or AD dementia 
who had undergone lumbar puncture and had biomarker 
evidence of Aβ pathology (i.e. were A+, see “AT(N)-clas-
sification”) were included (n = 256).

Clinical diagnoses using criteria for research were 
made upon inclusion in the study by reviewing the 
patient journals. Results of the APOE genotyping were 
not available at the time of diagnosis. The clinical diag-
noses of probable or possible dementia or MCI-AD were 
made using the National Institute of Health and the Alz-
heimer’s Association 2011 criteria [37, 38]. Patients with 
concomitant aetiologically mixed AD and cerebrovascu-
lar disease were included, but patients with other mixed 
presentations were excluded. The two memory clinics in 
the present study arrange weekly diagnostic consensus 
meetings to harmonise diagnoses, wherein the research-
ers also participate.

Patients were assessed according to a standardised 
research protocol by experienced memory clinic physi-
cians [39]. The assessment comprised a battery of several 
cognitive tests including the mini-mental status examina-
tion (MMSE), the Consortium to Establish a Registry of 
Alzheimer’s Disease 10-item word list and figure copying 
tests, the clock drawing test (CDT), and the trail making 
tests A and B. Moreover, the patients underwent a thor-
ough physical examination including MRI brain scans, 
blood sampling and lumbar puncture. The AD CSF core 
biomarkers, i.e. Aβ42, phosphorylated tau threonine 181 
(p-tau) and total tau (t-tau), were analysed at the Depart-
ment of Interdisciplinary Laboratory Medicine and 
Medical Biochemistry at Akershus University Hospital 
(Lørenskog, Norway) using the Innotest kit enzyme-
linked immunosorbent assays (Innogenetics, Ghent, 
Belgium). APOE genotyping was performed at deCODE 
Genetics (Reykjavik, Iceland) using the Illumina Infinium 
OmniExpress v1.1 chip.

Cognitively unimpaired controls
The CU controls were aged 65 or older and had been 
referred for elective surgery in spinal anaesthesia due to 
gynaecological, orthopaedic or urological problems in 
2012–2013; CSF was collected prior to the spinal anaes-
thesia procedure. All patients with available CSF for 

analysis were candidates for inclusion (n = 140). The CU 
controls completed the same cognitive test battery as the 
patients, and only individuals with normal test results 
(according to age and education adjusted norms) at base-
line and available AD biomarkers were included in the 
current study (n = 100). For further information about 
the CU group, see Idland and colleagues [40]. The AD 
core CSF biomarkers were analysed at Sahlgrenska Uni-
versity Hospital (Mölndal, Sweden) using the Innotest 
kit enzyme-linked immunosorbent assays (Innogenetics, 
Ghent, Belgium). APOE genotyping was performed at 
Applied Biosystems (Carlsbad, CA, USA) using TaqMan 
Allelic Discrimination technology.

AT(N)‑classification
In line with the 2018 National Institute of Health and 
the Alzheimer’s Association research framework [1], 
the cohort was AT(N)-classified based on established 
CSF biomarkers reflecting Aβ pathology (A), tau pathol-
ogy (T) or neurodegeneration (N) [1]. Specifically, 
low CSF Aβ42 was classified as A+, high CSF p-tau as 
T+ and high CSF t-tau as N+. Whilst MRI examina-
tions were available for most of the cohort, these scans 
have been performed in different locations and using 
different protocols, and therefore N-classification based 
on MRI data was not performed. Whilst CSF from both 
cohorts was analysed using Innotest kits, laboratory 
recommended cut-offs were applied due to established 
variabilities between different laboratories [41]. For the 
memory clinic patients, cut-offs for a normal test were 
Aβ42 > 700  pg/mL; p-tau < 80  pg/mL; and t-tau < 300  pg/
mL for patients under 50 years, < 450 pg/mL for patients 
aged 50–70  years and < 500  pg/mL for patients older 
than 70  years. For the CU controls, cut-offs for a nor-
mal test were Aβ42 > 530  pg/mL, p-tau < 60  pg/mL and 
t-tau < 350 pg/mL.

Measurement of MMPs and TIMPs
All CSF samples were analysed by Eve Technologies 
(Calgary, Canada) using a 13-plex Discovery Assay® on 
a Luminex® xMAP® instrument. This assay simultane-
ously measures 13 MMP and TIMPs, MMP-1, MMP-2, 
MMP-3, MMP-5, MMP-8, MMP-9, MMP-10, MMP-12, 
MMP-13, TIMP-1, TIMP-2, TIMP-3, TIMP-4, in a single 
microwell. All samples were measured in duplicate. More 
details on the measurement of the MMPs and TIMPs are 
provided in Additional file 1: Table S1.

Clinical progression
For the patient cohort, the extent of cognitive and func-
tional impairment was scored post hoc by certified raters 
using the clinical dementia rating (CDR) scale. The 
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categories memory; orientation; judgment and prob-
lem‐solving; community affairs, home and hobbies; and 
personal care were given a score of either 0, 0.5, 1, 2, or 
3, with higher score signifying more severe impairment 
[42]. The summed score from all categories, the CDR 
sum of boxes (CDR-SB) [43], was used in the analyses. 
The clinical evaluation closest to lumbar puncture was 
considered the baseline; the average time between base-
line and lumbar puncture was 62  days (standard devia-
tion = 45  days). Follow-up was restricted to 3  years to 
limit survival bias.

Statistical analysis
Statistical analyses were performed in STATA 16.1 and 
data visualisations were created in R4.1.1 using RStudio. 
Categorical variables were compared using the χ2 test. 
Continuous variables were compared across more than 
two groups using one-way ANOVAs. In cases of hetero-
geneity of variances across groups, the non-parametric 
Kruskal–Wallis test was used as an alternative. The Wald 
test was used for post hoc comparisons after ANOVA 
and the Dunn tests was used for post hoc comparisons 
after Kruskal–Wallis. For post hoc tests, Holm’s method 
was used to adjust for multiple comparisons and adjusted 
P-values were reported. Continuous variables were com-
pared across men and women using independent sam-
ples t-test. T-tau and p-tau were closely correlated in our 
cohort, and to avoid collinearity only p-tau was included 
as a covariate in the statistical analyses. APOE ε4-status 
was coded as carrier/non-carrier.

To investigate the effects of AD biomarkers on MMP/
TIMP levels, we performed multiple linear regression 
with each MMP/TIMP as a dependent variable. Each 
regression model included both A-status and T-status 
as independent variables and was adjusted for age, sex, 
APOE ε4-status and stage of cognitive impairment (CU, 
MCI or dementia). To identify any sex-specific effects, 
sex-stratified multiple linear regressions were also con-
ducted. To test whether baseline MMP/TIMP levels were 
associated with cognitive and functional decline in mem-
ory clinic patients, we performed linear mixed-effects 
models on the patients with at least one follow-up exami-
nation (n = 193). We performed one regression analysis 
for each MMP/TIMP with CDR-SB as the dependent 
variable. The fixed effects were the specified CSF MMP/
TIMP × time, age, sex, baseline CSF Aβ42, baseline CSF 
p-tau and stage of cognitive impairment (MCI or demen-
tia). To identify any sex-specific effects, sex-stratified lin-
ear mixed-effects regressions were also conducted. Only 
cases with complete data were included in the regression 
analyses.

Results
Group differences
The analysis included 256 patients (50 MCI-AD and 
206 AD dementia, all A+) and 100 CU controls (74 A− 
and 26 A+). The clinical profiles of these four groups 
are presented in Table  1. There was a significantly 
higher proportion of women in the AD dementia group 

Table 1  Clinical profile of the CU A−, CU A+, MCI-AD and AD dementia patients

Data reported is mean (standard deviation) unless otherwise indicated. P-values are for comparisons between all four groups using χ2 (categorical variables) or 
ANOVA (continuous variables), unless otherwise specified. Significant differences in bold. Biomarkers are given in pg/mL. Comparison of biomarker levels between CU 
controls and patients is not applicable as different cut-offs were applied
a Significantly different from the CU A− group; bSignificantly different from the CU A + group; cSignificantly different form the MCI-AD group; dKruskal–Wallis test; 
eindependent samples t-test; fn = 321, 35 missing genotype. A+: biomarkers positive for Aβ pathology, Aβ amyloid-β, AD Alzheimer’s disease, ANOVA analysis of 
variance, APOE apolipoprotein E, CDR-SB clinical dementia rating scale sum of boxes, CDT clock drawing test, CSF cerebrospinal fluid, CU cognitively unimpaired, MCI 
mild cognitive impairment, MMSE mini-mental status examination, N + biomarkers positive for neurodegeneration, p-tau phosphorylated tau, T + biomarkers positive 
for tau pathology, t-tau total tau

CU A− CU A+ MCI-AD AD dementia χ2/F (df) P (η2)

N 74 26 50 206

Female n (%) 31 (41.9) 15 (57.7) 27 (54.0) 121 (58.7) 6.35 0.10

Age 72.2 (6.1) 72.2 (5.9) 71.5 (4.7) 70.0 (6.7) 2.64 0.45d

APOE ε4 n (%)f 20 (28.6) 16 (69.6)a 40 (85.1)a 139 (76.8)a 61.63 < 0.01
Education 14.8 (3.5) 12.4 (3.1)a 13.1 (3.8) 12.2 (3.7)a 8.95 (3) < 0.01
MMSE 29.2 (1.0) 29.0 (0.8) 26.3 (3.3)a, b 22.2 (4.3)a−c 192.1 < 0.01d

CDT 4.8 (0.5) 4.7 (0.6) 4.1 (1.0) 3.3 (1.5) 33.45 (4) 0.94

CDR-SB NA NA 1.9 (1.4) 4.4 (2.0)c < 0.01e

CSF Aβ42 806.7 (137.6) 443.2 (76.2) 537.9 (92.0) 512.4 (101.9) NA

CSF p-tau 57.4 (17.7) 58.0 (22.2) 86.6 (36.2) 98.8 (43.4) NA

T +  26 (35.1) 11 (42.3) 28 (56.0)a 138 (67.0)a, b 25.14 < 0.01
CSF t-tau 349.8 (123.2) 365.8 (170.9) 627 (284.6) 766.4 (378.6) NA

N +  32 (43.3) 11 (42.3) 35 (70.0)a, b 158 (76.7)a, b 34.58 < 0.01
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(58.7%) compared to the CU A− group (41.9%, χ2 = 6.23, 
P = 0.01). As expected, the A+ groups had significantly 
more APOE ε4 carriers (77.7%) than the CU A− group 
(28.6%, χ2 = 59.71, P < 0.01). Moreover, the patients per-
formed worse on the MMSE and had a higher propor-
tion of T+ and N+ individuals compared to the control 
groups.

Overall, there was a significantly higher percentage of 
amyloid positive women (84.0%) than men (73.5%) in 
the cohort, χ2 = 5.98, P = 0.01. On average, the men had 
longer educations (mean = 13.5 years, standard deviation 
[SD] = 4.24) than the women (mean = 12.4, SD = 3.30, 
P = 0.01). Clinical profiles for the included men and 
women are presented in Additional file 1: Table S2.

MMP‑ and TIMP‑levels in Alzheimer’s disease
MMP-1, MMP-7, MMP-8, MMP-9 and MMP-13 were 
detectable in less than 40% of samples and were there-
fore excluded from the analysis. In a minority of samples, 
the levels of MMP-10 (2.8%) and MMP-12 (37.2%) were 
below the lower limit of quantification; values below this 
limit were replaced with a random value between 0 and 
the lower limit of quantification. MMP-2, MMP-3 and all 
the TIMPs were detectable in all samples. The distribu-
tions of MMP- and TIMP-levels across the CU A−, the 
CU A +, the MCI-AD and AD dementia groups are pre-
sented in Fig. 1.

The average MMP- and TIMP-levels across the groups 
are presented in Table  2. There was an overall group 

Fig. 1  Violin plots showing the distribution of MMP- and TIMP-levels across the A− CU, A+ CU, MCI-AD and AD dementia groups. Boxes show the 
median (middle line), first quartile (bottom edge) and third quartile (top edge). P-values are given for Holm post hoc comparisons after ANOVA. 
AD Alzheimer’s disease, CU cognitively unimpaired, MCI mild cognitive impairment, MMP matrix metalloproteinase, TIMP tissue inhibitor of matrix 
metalloproteinase
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difference for MMP-10 and TIMP-2 levels, P < 0.01. Post 
hoc comparisons revealed significantly higher MMP-
10 levels in AD dementia patients (mean = 28.4  pg/mL) 
and MCI-AD patients (24.0  pg/mL) compared to CU 
A− (16.5 pg/mL, P < 0.01) and CU A+ controls (15.4 pg/
mL, P < 0.01). For TIMP-2 levels, post hoc compari-
sons revealed significantly higher levels in MCI-AD 
patients (72.4  ng/mL) compared to CU A− (68.1  ng/
mL, F = 5.99, degrees of freedom [df ] = 1, P = 0.04) and 
CU A+ (65.2  ng/mL, F = 9.70, df = 1, P = 0.01) controls. 
TIMP-2 levels were also significantly higher in the AD 
dementia patients (71.8 ng/mL) compared to the A− and 
A+ CU controls (F = 8.04, df = 1, P = 0.02, and F = 10.97, 
df = 1, P < 0.01, respectively). While there was no overall 
group difference for TIMP-4 levels, post hoc compari-
sons revealed significantly lower TIMP-4 levels in the 
A + CU controls (1.4  ng/mL) compared to the MCI-AD 
patients (1.7 ng/mL, F = 7.47, df = 1, P = 0.04).

On average, men had higher levels of all measured 
MMPs and TIMPs, except for MMP-12 and TIMP-4; see 
Additional file 1: Table S3.

Effect of amyloid‑ and tau‑biomarker‑status
To investigate whether MMP/TIMP-levels were associ-
ated with A− or T-biomarker status, multivariate linear 
regressions were conducted with each of the measured 
MMPs and TIMPs as dependent variables; see Table  3. 
In addition to A− and T-status, age, sex, APOE ε4-status 
and stage of cognitive impairment (CU, MCI or demen-
tia) were included as covariates. For MMP-12, a good 
model fit could not be achieved with multiple regression 
(adjusted R2 = 0.01); therefore MMP-12 levels were not 
further analysed.

Tau-positivity was significantly associated with 
increased levels of all measured MMPs and TIMPs. In 
contrast, amyloid-positivity was only significantly asso-
ciated with reduced levels of MMP-3 and TIMP-4, and 
for these markers tau-positivity had a larger effect. As 
such, MMP and TIMP-levels appear to be more strongly 
associated with indicators of tau-pathology rather than 
amyloid pathology. In terms of the other covariates, 
increased age and male sex were significantly associated 
with increased levels of all markers except TIMP-4. The 

Table 3  Adjusted effects of A− and T-status on MMP- and TIMP-levels in CU controls and patients

Standardised β-coefficients are presented. *P < 0.05, ** P < 0.01. A+: biomarkers positive for Aβ pathology, APOE: apolipoprotein E, CU cognitively unimpaired, MCI mild 
cognitive impairment, MMP matrix metalloproteinase, T+: biomarkers positive for tau pathology, TIMP tissue inhibitor of matrix metalloproteinase

Dependent variable/
independent variable

MMP-2 MMP-3 MMP-10 TIMP-1 TIMP-2 TIMP-3 TIMP-4

A+ status − 0.13 − 0.18* − 0.07 − 0.14 − 0.11 − 0.19 − 0.25**
T+ status 0.24** 0.39** 0.37** 0.16** 0.16** 0.17** 0.43**
Age 0.31** 0.11* 0.13** 0.36** 0.22** 0.11* 0.05

Male sex 0.32** 0.18** 0.20** 0.26** 0.34** 0.27** 0.04

APOE ε4 carrier 0.05 0.06 0.08 0.13* 0.05 0.10 0.14*
MCI (vs. CU) 0.07 0.09 0.16* 0.01 0.26** 0.07 0.16*
Dementia (vs. CU) 0.00 0.19 0.33** 0.10 0.35** 0.16 0.12

Adjusted R2 0.28 0.20 0.29 0.23 0.24 0.11 0.19

Table 2  CSF MMP/TIMP levels in CU A−, CU A+, MCI-AD and AD dementia patients

P-values are given for comparisons between all four groups using ANOVA, unless otherwise specified. Significant differences in bold
a Significantly different from the CU A− group; bSignificantly different from the CU A+ group; cKruskal–Wallis test. A+: biomarkers positive for Aβ pathology, AD 
Alzheimer’s disease, ANOVA analysis of variance, CSF cerebrospinal fluid, CU cognitively unimpaired, MCI mild cognitive impairment, MMP matrix metalloproteinase, 
TIMP tissue inhibitor of matrix metalloproteinase

CU A− CU A+ MCI-AD AD dementia χ2/F (df) P (η2)

MMP-2 (ng/mL) 47.1 (8.3) 44.2 (9.9) 45.9 (9.0) 43.6 (10.8) 2.45 (3) 0.06

MMP-3 (pg/mL) 232.6 (127.3) 197.8 (129.7) 227.7 (115.6) 250.1 (143.6) 2.43 (3) 0.23

MMP-10 (pg/mL) 16.5 (12.3) 15.4 (16.4) 24.0 (13.6)a,b 28.4 (20.1)a, b 38.2 < 0.01c

MMP-12 (pg/mL) 4.0 (4.9) 3.1 (4.1) 2.4 (3.8) 2.7 (3.6) 2.50 0.48c

TIMP-1 (ng/mL) 61.1 (13.8) 57.2 (14.1) 58.2 (10.2) 59.4 (15.0) 0.68 (3) 0.57

TIMP-2 (ng/mL) 68.1 (8.4) 65.2 (10.2) 72.4 (9.2)a, b 71.8 (9.9)a, b 6.08 (3) < 0.01 (0.05)
TIMP-3 (ng/mL) 16.4 (1.2) 15.9 (1.3) 16.2 (1.2) 16.3 (1.3) 1.21 (3) 0.31

TIMP-4 (ng/mL) 1.6 (0.4) 1.4 (0.5) 1.7 (0.4)b 1.6 (0.4) 2.55 (3) 0.06
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APOE ε4 genotype predicted significantly higher lev-
els of TIMP-1 (β = 0.13, P = 0.02) and TIMP-4 (β = 0.14, 
P = 0.02). Compared to the CU reference group, cogni-
tive impairment at the MCI stage was associated with 
increased levels of TIMP-2 and TIMP-4, whereas the 
dementia stage was associated with increased levels of 
MMP-10 and TIMP-2.

Sex‑specific effects
Sex-stratified analyses revealed that T+ patients in both 
sexes had increased levels of all markers compared to 
T− patients, except for TIMP-1 where a significant effect 
was only found for men (β = 0.22, P < 0.01). Age remained 
associated with higher MMP-2, TIMP-1 and TIMP-2 
levels for both sexes, but the effect of age on MMP-3, 
MMP-10 and TIMP-4 levels was exclusive to women. The 
APOE ε4 genotype was not associated with any MMPs 
or TIMPs in women, but among the male patients APOE 
ε4 carriers had increased levels of MMP-10 (β = 0.22, 
P = 0.01), TIMP-1 (β = 0.28, P < 0.01), TIMP-2 (β = 0.18, 
P = 0.04) and TIMP-3 (β = 0.26, P < 0.01) compared to 
non-carriers. Amyloid-positivity was associated with 
decreased levels of MMP-3 levels in men (β = −  0.41, 
P = 0.01) and on TIMP-4 levels in women (β = −  0.24, 
P = 0.04) compared to amyloid-negativity. Finally, com-
pared to the CU reference group MCI and dementia 
were associated with increased MMP-10 levels in women 
(MCI β = 0.22, P < 0.01 and dementia β = 0.37, P < 0.01). 
Compared to the CU stage, the dementia stage was asso-
ciated with increased TIMP-2 levels for both sexes, but 
a significant effect of MCI was only evident in women 
(β = 0.32, P < 0.01).

Disease progression
Follow-up data were available for 193 patients. Median 
follow-up time was 2  years (25th percentile = 1  year and 
1 months, 75th percentile = 2 years and 4 months) and the 
median number of follow-up visits were 3 (25th percen-
tile = 2, 75th percentile = 4). After adjusting for age, sex, 
baseline levels of Aβ42 and p-tau and clinical stage (demen-
tia vs MCI), there were no significant interaction effects 
with time on CDR-SB scores for any MMPs or TIMPs.

When comparing MMP and TIMP levels in MCI 
patients who converted to dementia (n = 14) with MCI 
patients who did not convert to dementia during the 
follow-up period (n = 36), only TIMP-2 differed between 
the groups; TIMP-2 levels were higher in MCI patients 
who converted (77.6 ng/mL) compared to those who did 
not (70.3 ng/mL, P = 0.01).

Sex‑specific effects
Follow-up data were available for 110 women and 83 
men. Median follow-up time was 2  years for women 

(25th percentile = 1  year and 2  months, 75th percen-
tile = 2  years and 5  months) and 1  year and 9  months 
for men (25th percentile = 11  months, 75th percen-
tile = 2  years and 3  months). The median number of 
follow-up visits were 3 (25th percentile = 2, 75th percen-
tile = 4) for both women and men. In sex-stratified anal-
yses, after adjusting for age, baseline levels of Aβ42 and 
p-tau and clinical stage (dementia versus MCI) there were 
no significant interactions effects of time × MMP/TIMP 
on CDR-SB scores. However, there was a trend towards a 
significant effect of time × MMP-10 on CDR-SB scores in 
women (β = 0.022, standard error = 0.012, P = 0.06), but 
not in men (β = − 0.002, standard error = 0.009, P = 0.84).

Sex-specific effects in MCI patients only were not 
assessed due to limited group sizes.

Discussion
In the present study, we have demonstrated that MMP-10 
and TIMP-2 levels differed significantly between cogni-
tively impaired individuals compared to A+ and A− CU 
controls. Furthermore, we found that MMP and TIMP-
levels were strongly associated with tau biomarkers, 
whereas only MMP-3 and TIMP-4 were associated with 
amyloid biomarkers; these associations with amyloid 
were sex-specific. In terms of progression, baseline MMP 
and TIMP levels did not predict faster cognitive and 
functional decline in our memory clinic cohort. However, 
we found a trend suggesting that higher MMP-10 at base-
line may predict more cognitive and functional decline 
over time in women, but not in men.

Our finding of increased MMP-10 levels in AD patients 
compared to the CU controls is in line with previ-
ous research [24]. However, increased levels of MMP-
10 have previously been shown in MCI-AD compared 
to CU controls [25, 26], which was not replicated here. 
While several previous studies have reported altered 
levels of MMP-2 and MMP-3 in AD [22, 23, 28, 44], we 
did not find any differences in these markers between 
AD patients and CU controls. In the current study, all 
measured MMPs and TIMPs were associated with tau-
positivity. This is in line with previous research link-
ing MMP-2, MMP-3 and MMP-10 to tau biomarkers 
[24, 28, 29]. Moreover, reduced levels of MMP-3 and 
TIMP-4 were associated with amyloid-positivity. In line 
with this, reduced levels of MMP-3 have been found in 
CSF with low levels of Aβ42, [29, 44] and an exploratory 
study on CU individuals over 60 years has suggested an 
Aβ-associated effect of MMP-3 on brain atrophy [32]. 
To our knowledge, TIMP-4 has not previously been 
linked to amyloid pathology, but increased plasma lev-
els of TIMP-4 have been linked to AD risk and cognitive 
impairment [45]; the association between Aβ pathology 
and TIMP-4 merits further investigation.
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There were several sex-specific interactions between 
MMPs/TIMPs and other covariates, including sex-spe-
cific effects of amyloid-positivity on MMP-3 for men and 
TIMP-4 for women. Sex differences in MMP-3 in AD 
have previously been reported in human plasma, human 
brains, and animal models [35, 36]. In line with our find-
ings, MMP-3 levels are increased in the brain and cor-
relate more closely with markers of AD neuropathology 
and cognitive impairment in men [36]. However, an asso-
ciation between MMP-3 and Aβ has also been reported 
in CU women. Interestingly, the same study demon-
strated that MMP-3 degrades nerve growth factor and 
was associated with markers of nerve growth factor dys-
metabolism in men. The authors speculate that MMP-3 
could contribute to nerve growth factor dysmetabolism 
and consequent cholinergic atrophy in a sex-specific, 
possibly Aβ-dependent manner [36]. Our results sug-
gest that sex-specific effects of MMP-3 on AD pathology 
should be investigated further together with TIMP-4. We 
also found a male-specific effect of APOE ε4 on MMP-
10, TIMP-1, TIMP-2 and TIMP-3, and a female-specific 
effect of age on MMP-3, MMP-10, and TIMP-4. Notably, 
increased age and the APOE ε4 allele are central risk fac-
tors for AD, but as it is well-documented that APOE ε4 
confers a higher risk for AD in especially in women, the 
male-specific effects of APOE ε4 warrant further investi-
gation. [46–48].

In the memory clinic cohort, baseline MMP and TIMP 
levels did not predict faster functional and cognitive 
decline over time, although TIMP-2 levels were found to 
be increased in MCI patients who converted to dementia. 
Furthermore, sex-stratified analyses suggest that higher 
baseline MMP-10 levels might be associated with faster 
functional and cognitive decline in women, but not in 
men. This is in line with recent findings reporting that 
higher MMP-10 levels are associated with increased risk 
of conversion from MCI to AD dementia [31], and high-
lights that MMP-10 levels may also provide prognostic 
information for patients at the dementia stage. Increased 
CSF MMP-10 levels have also been linked to disease pro-
gression in Parkinson’s disease [49], suggesting a more 
general role for MMP-10 in the progression of neuro-
degenerative disorders. Indeed, it has been speculated 
that MMP-10 protein levels are markers of disease-inde-
pendent pathways related to ageing [31]. Notably, in our 
cohort the association of MMP-10 levels with functional 
and cognitive decline was female-specific, and we also 
found a female-specific effect of age on MMP-10 levels. 
As it has recently been proposed to incorporate MMP-10 
into the AT(N)-framework as a prognostic marker [31], 
our results highlight that sex-specific mechanisms link-
ing ageing, MMP-10 and clinical progression must be 
investigated further.

One limitation of the current study is that the core 
biomarkers were analysed in laboratories with different 
recommended cut-offs, precluding the use of CSF Aβ42 
and p-tau levels as continuous variables in most of the 
statistical analyses. In addition, the cross-sectional design 
of the study did not permit an examination of changes in 
biomarker levels over time and their relation to clinical 
progression. Moreover, MMPs and TIMPs have previ-
ously been studied in both plasma and CSF; it would have 
strengthened our study to include paired CSF-plasma 
samples.

A major strength of the current study is the relatively 
large and well-characterised patient cohort, the age-
matched CU control groups, and the use of a compre-
hensive standardised assessment for both patients and 
controls. There is good generalisability to other memory 
clinic populations. Further, follow-up data was available 
for most patients and the effects of baseline levels of the 
different MMPs and TIMPs on cognitive and functional 
decline could be determined. Finally, we have performed 
sex-stratified analyses in line with recommendations 
from the Women’s Brain Project [50, 51], highlighting 
potential sex-specific effects of certain MMPs and TIMPs 
in AD.

Perspectives and significance
Our results support the use of MMPs/TIMPs as markers 
sex differences in AD pathology and possibly progres-
sion. Although numerous studies have explored MMPs in 
the CSF and in blood plasma as biomarkers of AD, our 
study highlight the importance of performing sex-strati-
fied analysis to expand our understanding of the drivers 
of sex differences in AD pathology. Especially, our results 
suggest that sex-specific effects of these MMP-3 and 
TIMP-4 on amyloid pathology should be studied further. 
Moreover, our results demonstrate sex differences in the 
use of MMP-10 as a prognostic biomarker for AD, and 
we highlight that this marker should be further studied 
in relation to sex-specific disease mechanisms. Follow-up 
studies should explore the association between MMPs/
TIMPs and known drivers of sex differences in AD such 
as sex hormones.
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