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Abstract. Tuberculosis (TB) is an important infectious 
disease of humans and other animals. Conventional diagnostic 
methods, including the tuberculin skin test, chest X-rays 
and bacterial culture, have certain innate disadvantages 
for the early, rapid and specific diagnosis of tuberculosis. 
The present study aimed to identify a novel diagnostic 
biomarker to overcome these disadvantages. The potential 
target identified in the present study was tissue inhibitor of 
metalloproteinases 1 (TIMP‑1), which has previously been 
demonstrated to be critical in the immune response to TB. 
The concentration of TIMP‑1 in the blood was determined 
using a commercial ELISA kit, and the relative mRNA 
expression levels following bacterial infection were detected 
by reverse transcription-quantitative polymerase chain reac-
tion. Based on a clinical and microbiological diagnosis, the 
ELISA for plasma TIMP-1 had a sensitivity of 91.80% [95% 
confidence interval (CI): 85.44, 96.00] and a specificity 
of 91.41% (95% CI: 85.14, 95.63). In a THP-1 cell model, 
Bacillus Calmette-Guérin and Mycobacterium bovis signifi-
cantly upregulated the mRNA expression levels of TIMP-1 
post infection in a time-dependent manner (P=0.006 for 
BCG 24 h PI, P=3.2x10-7 for M. bovis 24 PI). The results 
of the present study indicate that plasma TIMP-1 may be a 
potential biomarker for the diagnosis of TB.

Introduction

Tuberculosis (TB), caused by Mycobacterium tubercu‑
losis (M. tb), is one of the most important infectious diseases 
of humans, with an estimated 9 million new cases and 
1.5 million fatalities worldwide in 2013 (1). The treatment 
of TB requires a six-month program; the treatment for 
drug-resistant TB is longer (at least 18 months) and requires 
the use of more toxic drugs (2). Consequently, early and 
accurate diagnosis of TB may potentially increase treatment 
efficacy and reduce patient suffering. However, conventional 
diagnostic methods, including culture and microscopic 
examination of sputa, the tuberculin skin test (TST), chest 
X-ray, bronchial endoscopy and polymerase chain reaction 
(PCR) typically produce high proportions of false nega-
tive and positive results (3,4). Blood-based laboratory tests, 
including the interferon-γ (IFN-γ) in vitro release assay 
and antibody detection, have greater sensitivity and speci-
ficity compared with the conventional diagnostic methods; 
however, they do not differentiate between latent and active 
infections (5). Therefore, novel diagnostic biomarkers with 
high sensitivity and specificity are urgently required to accu-
rately diagnose TB, and to differentiate between the different 
forms of TB (6).

Recently, tissue inhibitors of metalloproteinases (TIMPs) 
have been suggested as potential biomarkers for TB (7,8). 
TIMPs (TIMP-1, -2 and -3) facilitate the remodeling and repair 
of tissue following destruction by matrix metalloproteinases 
(MMPs). For example, the concentrations of MMP-1, -3 and -8 
have been demonstrated to decrease rapidly during TB treat-
ment, in contrast to transient increases in the concentrations of 
TIMP‑1 and ‑2 at week 2 of treatment (7). In addition, TIMP-1 
has been revealed to be responsible for residual pleural thick-
ening in pleural tuberculosis (9).

Our previous investigations to identify potential TB 
biomarkers in the sera of patients using protein microarrays 
demonstrated that TIMP-1 is a primary component associated 
with the occurrence of disease (unpublished data). However, 
the role of TIMP-1 in TB diagnosis has rarely been studied. 
Therefore, the present study aimed to evaluate the association 
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of TIMP‑1 with TB, and to investigate the potential of TIMP‑1 
as a biomarker to aid in the diagnosis of TB.

Materials and methods

Subjects. A total of 122 patients who were confirmed to have 
active TB based upon presenting clinical symptoms and/or 
culture and/or chest X-ray at the Tuberculosis Department, 
Wuhan Medical Treatment Center (Wuhan, China), were 
recruited. A further 37 pneumonia patients were enrolled at 
Zhongnan Hospital (Wuhan, China). In addition, 128 healthy 
volunteers from Huazhong Agricultural University (Wuhan, 
China), who had a negative TST, a negative chest X‑ray and had 
no known exposure to TB, were included in the present study as 
a control group. All subjects tested negative for human immu-
nodeficiency virus. Informed consent was obtained from all 
participants. The present study was approved by the Research 
Ethics Committee of Huazhong Agricultural University.

Blood collection. Heparinized venous blood (5 ml) was 
collected from the antecubital vein of all subjects. For each 
sample, plasma was isolated and stored at ‑20˚C for the subse-
quent detection of TIMP-1. Peripheral blood mononuclear cells 
(PBMCs) were isolated from blood samples and stimulated with 
CFP-10/ESAT‑6 (stocked in our own lab), or mock‑stimulated 
with PBS, overnight (16 h) as described previously (10).

Measurement of TIMP‑1 concentrations. Commercial ELISA 
kits for TIMP-1 (RayBiotech, Inc., Norcross, GA, USA, cat. 
no. ELH‑TIMP1) were used according to the manufacturer's 
protocol, to analyze the levels of TIMP‑1 in plasma. Briefly, 
100 µl of each sample was added to each well of an ELISA 
plate. The plates were incubated for 2.5 h at room tempera-
ture and washed. A biotin‑conjugated antibody (100 µl) was 
added to each well and the plates incubated for a further 1 h 
at room temperature. Following washing, 100 µl horseradish 
peroxidase‑streptavidin solution was added to each well and 
the plate was incubated at room temperature for 45 min. 
The color was developed with the substrate 3,3',5,5'‑tetra-
methylbenzidine/H2O2 for 30 min at room temperature, and 
the reaction was terminated by adding the stop solution. The 
optical density was measured at a wavelength of 450 nm using 
a microplate reader and the concentrations were calculated 
based on the standard curve.

Bacterial culture. Mycobacterium bovis [M. bovis; American 
Type Culture Collection (ATCC) 19210] and Bacillus 
Calmette‑Guérin (BCG) Tokyo strain (ATCC 35737) were 
donated by Dr Chuan-You Li (Beijing Tuberculosis & Thoracic 
Tumor Research Institute, Beijing, China). The two strains were 
cultured in 250 ml Middlebrook 7H9 broth (BD Biosciences, 
Franklin Lakes, NJ, USA) supplemented with 10% oleic 
acid-albumin-dextrose-catalase (BD Biosciences) and 0.05% 
Tween 80 (Amresco, LLC, Solon, OH, USA), with shaking 
in the Biosafey Level 3 facility at Huazhong Agricultural 
University. Following incubation at 37˚C for 7 days until 
growth reached the log phase, the bacilli were harvested from 
the media and centrifuged at 5,000 x g for 10 min at room 
temperature. The pellets were transferred into a mortar grinder 
and homogenized, and subsequently resuspended in 40 ml 

Middlebrook 7H9 broth. Following a 5‑min incubation, the 
supernatant was collected, mixed, aliquoted into 1 ml tubes 
and stored at ‑80˚C until further use. The middle tube was 
taken and the number of colony forming units was determined 
via a dilution-plating assay, as previously described (11).

Analysis of TIMP‑1 mRNA expression levels. The THP-1 
human monocytic cell line was provided by Dr Chuan‑You Li 
(Beijing Tuberculosis & Thoracic Tumor Research Institute, 
Beijing, China) and was prepared and the infection proce-
dures were conducted as previously described (12). Briefly, the 
bacteria (M. bovis and BCG) were added to 24‑well cell culture 
plates and cultured for 24 h at a multiplicity of infection rate 
of 10. Total RNA was extracted as described previously (12), 
and subjected to reverse transcription-quantitative PCR 
(RT‑qPCR). RNA was reverse‑transcribed using a Reverse 
Transcription kit (Toyobo Co., Ltd., Osaka, Japan). During 
the RNA isolation and reverse transcription, RNase-free 
reagents and consumables were used. Real‑time quantitative 
PCR (qPCR) was performed using THUNDERBIRD SYBR 
qPCR mix (Toyobo Co., Ltd., Osaka, Japan). The volume of 
each reaction was 25 µl, including 100 ng cDNA, 200 nmol 
of each primer and 12.5 µl 2xSYBR-Green dye. Reactions 
were programmed in Roche LightCycler® 480 (Roche 
Diagnostics, Basel, Switzerland) as follows: 95˚C for 10 min, 
followed by 30 cycles of 95˚Cfor 30 sec, 58˚C for 30 sec and 
72˚C for 45 sec. The fluorescence signal was detected at the 
end of each elongation step. Primers (presented in Table I) 
were designed and commercially synthesized by the Beijing 
Genomics Institute (Beijing, China) for RT-qPCR to deter-
mine the mRNA expression levels of TIMP-1 in BCG- and 
M. bovis-infected THP-1 cells; µ-actin served as the internal 
reference, the relative expression levels were quantified using 
the 2-∆ΔCq method (13).

Statistical analysis. Data were analyzed using a Student's 
t‑test or analysis of variance. P<0.05 was considered to indi-
cate a statistically significant difference. Cut‑off values and 
corresponding test sensitivity and specificity were calculated 
through receiver operating characteristic (ROC) curve analysis 
and assessing the area under the curve using Microsoft Excel 
software, version 2013 (Microsoft Corporation, Redmond, 
WA, USA), as previously described (14).

Results

TB patients have increased serum levels of TIMP‑1 compared 
with healthy controls and pneumonia patients. The baseline 
serum TIMP‑1 levels of patients with tuberculosis were 
significantly greater compared with the pneumonia (P=0.02) 
and healthy control groups (P=8x10-4), with median values of 
1201, 1140 and 415.4 ng/ml, respectively (Fig. 1). In addition 
TIMP‑1 levels in pneumonia patients were significantly greater 
compared with healthy controls (P=2x10-11).

According to the ROC, a cut-off value of 727 ng/ml was 
set to maximize discrimination between positive and negative 
results for TIMP-1 in the TB patients group. TIMP-1 levels 
were significantly greater in 112 TB patients [mean ± standard 
deviation (SD), 1348±607.3 ng/ml] compared with healthy 
controls (mean ± SD, 400.4±292.2 ng/ml; P<0.0001). At this 
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cut-off point, 91.80% [112/122; 95% confidence interval (CI): 
85.44, 96.00] of TB patients were classified as test‑positive 
compared with only 8.59% (11/128; 95% CI: 4.37, 14.86) of 
healthy controls. Using clinical diagnosis as the gold standard, 
the TIMP-1 ELISA had a sensitivity of 91.80% (95% CI: 85.44, 
96.00) and a specificity of 91.41% (95% CI: 85.14, 95.63; Fig. 2).

Furthermore, 1037 ng/ml was set as the cut‑off point to 
distinguish TB and pneumonia patients according to ROC, 

with a sensitivity of 62.3% (95% CI: 53.07, 70.91), and a speci-
ficity of 45.95% (95% CI: 29.49, 63.08; Fig. 3).

TIMP‑1 production by PBMC following stimulation 
with CFP‑10/ESAT‑6. PBMCs isolated from the blood of 
38 TB patients and 38 healthy controls were stimulated 
with CFP‑10/ESAT‑6 or mock‑stimulated with PBS. 
CFP-10/ESAT-6 did not induce PBMCs to produce TIMP-1 in 
TB patients (P=0.3051). Similarly, there was no difference in 
TIMP‑1 levels between healthy control PBMCs incubated with 
CFP-10/ESAT-6 or PBS (P=0.1158). The TB samples treated 
with CFP‑10/ESAT‑6 or PBS had significantly greater TIMP‑1 
levels compared with healthy controls (P<0.0001; Fig. 4).

mRNA expression levels of TIMP‑1 following infection with 
BCG or M. bovis. TIMP‑1 mRNA expression levels were 
detected by RT-qPCR at 12 and 24 h post infection and 
normalized to µ-actin mRNA expression levels. TIMP-1 
mRNA expression levels were significantly upregulated in a 
time‑dependent manner following BCG and M. bovis infection. 
BCG and M. bovis infection significantly increased TIMP‑1 
mRNA expression levels at 24 h post infection (P=0.006 for 
BCG 24 h PI; P=3.2x10-7 for M.bovis 24 PI; Fig. 5).

Discussion

Tuberculosis has been recognized in humans for centuries 
and is a potentially life-threatening or debilitating disease. 
Advances in the diagnosis of the disease may result in control 

Table I. Primers for reverse transcription-quantitative polymerase chain reaction.

Gene Direction Sequence (5'‑3') Product size (bp) GenBank accession no.

β-actin F AGCGAGCATCCCCCAAAGTT 285 BC002409
 R GGGCACGAAGGCTCATCATT  
TIMP-1 F CTGCGGATACTTCCACAGGTC 168 NM_003254
 R TTCTGGATGTGACAACCGACAACCGACACT  

F, forward; R, reverse; TIMP‑1, tuberculosis, tissue inhibitor of metalloproteinases 1.

Figure 3. Receiver operating characteristic curve for serum TIMP-1 levels 
between TB patients and pneumonia patients. A cut‑off value of 1037 ng/ml 
was set. The TIMP‑1 ELISA had a sensitivity of 62.3% and a specificity of 
45.95%. TIMP-1, tissue inhibitor of metalloproteinases 1; TB, tuberculosis.

Figure 2. Receiver operating characteristic curve for serum TIMP-1 levels 
between TB patients and healthy controls. A cut‑off value of 727 ng/ml 
was set. Based on clinical diagnosis, the TIMP‑1 ELISA had a sensitivity 
of 91.80% and a specificity of 91.41%. TIMP‑1, tissue inhibitor of metal-
loproteinases 1; TB, tuberculosis.

Figure 1. TIMP-1 concentration in sera. TIMP-1 levels in the sera of TB and 
pneumonia patients and healthy controls were detected using a commercial 
ELISA kit. TIMP‑1 levels were significantly increased in TB patients com-
pared with pneumonia and healthy control groups. TIMP‑1, tissue inhibitor 
of metalloproteinases 1; TB, tuberculosis. *P<0.05, **P<0.01, ***P<0.001.
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measures being implemented more rapidly (15), reducing the 
impact of the disease on the community. In the present study 
the plasma TIMP‑1 ELISA was revealed to have a sensitivity 
of 91.80% (95% CI: 85.44, 96.00) and a specificity of 91.41% 
(95% CI: 85.14, 95.63) according to ROC.

MMPs are involved in TB in the migration of leukocytes to 
infection sites and tissue destruction (16). Cytokines, including 
tumor necrosis factor-α and IFN-γ, which may be induced 

by M. tb infection, upregulate MMP production in recruited 
monocytes and macrophages (8). TIMP-1 is an inhibitor of 
MMPs, and controls MMP activity by forming 1:1 complexes 
with MMPs, regulating the proteolysis of connective tissues 
and controlling tissue damage (17). Previous studies have 
demonstrated that concentrations of MMP-1, -2, -3, -8 and -9, 
as well as TIMP‑1/2, are significantly greater in TB patients 
compared with healthy controls (7,18-20). In the present study, 
serum TIMP‑1 levels were significantly increased in TB 
patients compared with healthy controls, similar to previous 
studies (9,18,19). As TIMP production is associated with 
tissue destruction, tests for TIMP levels have the potential to 
differentiate active TB from latent infection. This represents 
a potential advantage over the commonly used IFN-γ in vitro 
release assay, which is based on cellular immunity memory 
to M. tb infection and which does not differentiate active TB 
from latent infection (21).

To support this hypothesis indirectly, the present study 
used the M. tb‑specific antigen CFP‑10/ESAT-6 to stimu-
late PBMCs. However, CFP‑10/ESAT-6 stimulation did not 
significantly alter the plasma TIMP-1 concentrations in 
TB patients. These results indicated that TIMP‑1 was not 
produced by PBMCs following M. tb antigen stimulation, 
and was affected by the tissue damage induced by virulent 
bacteria or BCG. However, this finding requires confirmation 
in a larger cohort.

In conclusion, the present study demonstrated that TIMP-1 
is present at high levels in TB patient sera, and that expression 
of TIMP-1 mRNA is induced by mycobacteria. TIMP-1 may 
therefore be a potential biomarker of TB in humans.
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