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Abstract

TNF-α plays a key role in the development of rheumatoid arthritis (RA) and inflammatory

bone loss. Unfortunately, treatment of RA with anti-inflammatory glucocorticoids (GCs) also

causes bone loss resulting in osteoporosis. Our previous studies showed that overexpres-

sion of glucocorticoid-induced leucine zipper (GILZ), a mediator of GC’s anti-inflammatory

effect, can enhance osteogenic differentiation in vitro and bone acquisition in vivo. To inves-

tigate whether GILZ could antagonize TNF-α-induced arthritic inflammation and protect

bone in mice, we generated a TNF-α-GILZ double transgenic mouse line (TNF-GILZ Tg) by

crossbreeding a TNF-α Tg mouse, which ubiquitously expresses human TNF-α, with a GILZ

Tg mouse, which expresses mouse GILZ under the control of a 3.6kb rat type I collagen pro-

moter fragment. Results showed that overexpression of GILZ in bone marrow mesenchymal

stem/progenitor cells protected mice from TNF-α-induced inflammatory bone loss and

improved bone integrity (TNF-GILZ double Tg vs. TNF-αTg, n = 12–15). However, mesen-

chymal cell lineage restricted GILZ expression had limited effects on TNF-α-induced arthritic

inflammation as indicated by clinical scores and serum levels of inflammatory cytokines and

chemokines.

Introduction

Chronic inflammatory conditions such as rheumatoid arthritis (RA) and inflammatory bowel

disease are known to cause bone loss [1, 2]. Tumor necrosis factor alpha (TNF-α), is a potent

proinflammatory cytokine and plays a major pathogenic role in RA [3–5]. TNF-α induces

inflammation by activating NF-kB and AP-1, two key inflammatory mediators that activate

the transcription of an array of inflammatory genes including cyclooxygenase-2 (COX-2) [6,

7], a target of a class of anti-arthritis medications, COXIBs such as celecoxib, etoricoxib and

rofecoxib. Chronic inflammation is known to result in bone loss [8–10]. Ironically, medica-

tions used to suppress inflammation such as glucocorticoids (GCs), also cause bone loss, mak-

ing an already devastating condition, e.g., rheumatoid arthritis (RA), even worse. TNF-α
inhibitors such as etanercept, infliximab, adalimumab, certolizumab pegol, and golimumab,

have become a cornerstone in RA therapy because of their effectiveness in suppressing
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inflammation and protecting bone [11–15]. However, these medications have many side

effects including malignancies [16, 17] and cardiovascular events [17–19], among others [17,

20–25].

High doses of GCs have been used for decades in the treatment of autoimmune disorders

such as RA [26, 27]. However, their use results in osteoporosis (GC-induced osteoporosis,

GIOP) in half of the affected patients [28, 29]. Intestingly, low-dose or physiological concentra-

tions of GC may have bone protective effects in RA patients [30]. Glucocorticoid-induced leu-

cine zipper (GILZ) is a GC-inducible gene [31] and has been demonstrated to be an anti-

inflammatory effect mediator for GCs [32–34]. We previously showed that overexpression of

GILZ in bone marrow mesenchymal stem cells (MSCs) can enhance osteogenic differentiation

[35], antagonize the inhibitory effect of the inflammatory cytokine TNF-α on MSC osteogenic

differentiation [36], and enhance bone acquisition in mice [37]. These data suggested that

GILZ mediates not only GC’s anti-inflammatory effect but also bone anabolic actions, making

it a potential candidate for new anti-inflammatory therapies. In this study, we sought to inves-

tigate whether GILZ overexpression could antagonize TNF-α-induced arthritic inflammation

and protect bone by using a TNF-α transgenic mouse, an animal model of RA that spontane-

ously develops polyarthritis.

Materials and methods

Chemicals and antibodies

All chemicals were purchased from Thermo Fisher Scientific (Pittsburgh, PA, USA) or Sigma-

Aldrich (St. Louis, MO, USA) except where specified.

Animals

TNF-α transgenic (TNF-α Tg) mice overexpressing human the TNF-α gene were provided by

Dr. George Kollias [38]. The GILZ Tg mice used, in which the expression of mouse GILZ gene

is under the control of a 3.6kb rat type I collagen promoter (Col3.6), were previously described

[37]. Both GILZ and TNF-α Tg mice were on a C57BL background. To generate TNF-GILZ

double Tg mice, female TNF Tg mice were backcrossed with male GILZ Tg mice. Most experi-

ments were carried out using sex matched littermates except where a relatively larger number

of mice are needed we pooled both males and females together to meet the statistical require-

ment as no sex difference was noted in our previous study [37]. All animal procedures were

performed in accordance with a protocol (#2008–0302) approved by the Augusta University

Institutional Animal Care and Use Committee. Mice were housed in a barrier facility at the

Laboratory Animal Service facility under a 12-hr dark-light cycle and fed with standard rodent

chow and water ad libitum. Mice were euthanized using CO2 overdose followed by thoracot-

omy according to AU-IACUC approved animal protocols.

All mice were evaluated weekly for signs of arthritis at the age of 7 weeks in a blinded fash-

ion. A clinical score was assigned to each ankle joint using a semi-quantitative scoring system

[39]: 0 for no arthritis, 1 for mild arthritis (joint swelling), 2 for moderate arthritis (severe joint

swelling and deformity), and 3 for severe arthritis with motion limitation. The total mouse

clinical score was the sum of the scores from all four ankles.

DXA and μ-CT analyses

Ten to twelve mice from each experimental group (GILZ Tg, TNF Tg, and TNF-GILZ Tg)

were assessed for bone density and architecture. The left femur of each mouse was dissected

free of soft tissues and scanned by DXA densitometry (Lunar PIXImus II mouse densitometer;
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GE Medical Systems) for bone mineral density (BMD) and bone mineral content (BMC) mea-

surement. Bone structural parameters of the right femur and tibia of each mouse were ana-

lyzed by μ-CT scan (μ-CT-40; Scanco Medical AG) as previously described [37].

Histology and immunohistochemistry analyses

After DXA scan, the left femur and ankle of each mouse were decalcified in EDTA, embedded

in paraffin and sectioned at 4–6 μm for histomorphometry. Sections were stained with hema-

toxylin and eosin for calculation of osteoblast numbers. A Bioquant Osteo image analysis sys-

tem (Bioquant, Nashville, TN) was used to count the number of osteoblasts and measure the

osteoblast covered areas. A defined region of interest was established ~0.5mm proximal to the

distal growth plate and extended a further 0.5mm, all within the endocortical edges at 40x

magnification.

For immunohistochemistry, paraffin sections of femurs were deparaffinized in xylene and

rehydrated by passing the slides through graded alcohol solutions. Endogenous peroxidase

was quenched with 3% H2O2 in PBS. The sections were then washed in distilled water and

heated at 95˚C in antigen retrieval buffer (Dako, Glostrup, Denmark). Nonspecific staining

was blocked with 5% normal goat serum in PBS for 1 h. Endogenous biotin was inhibited with

an avidin/biotin blocking kit (SP2001, Vector Laboratories, Burlingame, CA). The sections

were then incubated with an anti-osteocalcin polyclonal antibody (PB9919, Boster Bio, Pleas-

anton, CA) diluted at 1:1000 in 2% normal goat serum overnight at 4˚C. Next, the sections

were incubated with biotinylated goat anti-mouse/rabbit antibody (1:1,000) (Jackson Immu-

noResearch Laboratories, West Grove, PA) for 30 min. Sections were then washed and incu-

bated with StreptABComplex/HRP (Dako) for 45 min. Antibody binding was revealed using a

DAB kit (SK4100, Vector Laboratories). Negative controls were obtained by omission of the

primary antibody. Counterstaining was performed with Mayer’s hematoxylin (Sigma).

Isolation and culture of synovial fibroblasts

Synovial fibroblasts were isolated from the paws of both GILZ and TNF-α Tg mice according

to the protocol of Armaka et al. [40]. Briefly, paw joints were dissected and cleared free of skin

and soft tissues, then digested in 1mg/ml collagenase IV at 37˚C for 1h. Cells were released via

vigorous vortex and cell suspension were seeded into cell culture dishes and incubated in a

humidified tissue culture incubator. DMEM supplemented with 10% FBS, 1% L-Glutamine

and 1% pen/strep was used to culture cells and the medium was replaced every 3 days. Cells

were used before passage 4. Three to four mice were used in each group and the experiment

was repeated twice.

RNA extraction and real-time qRT-PCR

Total cellular RNA was isolated using TRIzol reagent following manufacturer’s instructions

(Invitrogen Corporation, Grand Island, NY, USA). Equal amounts of total RNA (2 μg) were

reverse transcribed using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) and the

mRNA levels of the indicated genes were analyzed in triplicate using SYBR Green Master Mix

and a Chromo-4 real-time RT-PCR instrument. The mRNA levels were normalized to β-actin

(internal control), and gene expression was presented as fold change. The primer sequences

used in the PCR reactions were: GILZ (AF024519): 50-GCTGCACAATTTCTCCACCT-30 (for-

ward) and 50-GCTCACGAATCTGCTCCTTT-30 (reverse); β-actin (NM_007393): 50-
CTGGCACCACACCTTCTACA-30 (forward) and 50-GGTACGACCAGAGGCATACA-30

(reverse); IL-6 (NM_031168.2): 5’-GCCAGAGTCCTTCAGAGAGATACA-3’ (forward) and

5’-CTTGGTCCTTAGCCACTCCTTC-3’ (reverse).
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Flow cytometry

Three to four mice were used in each group and the experiment was repeated twice. Both tibiae

and femur were dissected free of soft tissues and bone marrow cells flushed with RPMI 1640

medium supplemented with 10% FBS. Blood was collected by cardiac puncture. Cells were first

incubated with antibodies against cell surface markers CD11b, and then fixed and permeabilized

using Fixation/Permeabilization Concentrate (Cat. No.00-5123-43, eBioScience) before incuba-

tion with antibodies for intracellular labeling of human TNF-α (BD BioSciences, Bedford, MA,

USA). After one wash, cells were run through a 4-color flow cytometer (FACSCalibur, BD Biosci-

ences, San Diego, CA, USA), and data were collected using CellQuest software (BD Biosciences,

San Jose, CA, USA) as previously described [25]. As a gating strategy, for each sample, isotype-

matched controls were analyzed to set the appropriate gates. For each marker, samples were ana-

lyzed in duplicate measurements. To minimize false-positive events, the number of double-posi-

tive events detected with the isotype controls was subtracted from the number of double-positive

cells stained with corresponding antibodies (not isotype control), respectively. Cells expressing a

specific marker were reported as a percentage of the number of gated events. Statistical analysis

was performed using Prism 5.0 software (GraphPad Software, Inc. La Jolla, CA, USA).

Serum assays

Blood samples were centrifuged at 2,000 rpm for 10 min at 4˚C and the serum collected and

stored at −80˚C in aliquots. Receptor activator of nuclear factor kappa-B ligand (RANKL)

and osteoprotegerin (OPG) levels were measured using Quantikine ELISA Kits (Cat No:

MTR00 and MOP00, respectively, R&D Systems). Serum concentrations of selected cyto-

kines and chemokines were measured using a fluorescent bead-based Multiplex immunoas-

say on a Luminex 200 machine (Luminex Corporation, Austin, TX). Serum collected from

TNF Tg and TNF-GILZ Tg mice (12–15 in each group, age and sex matched) were analyzed.

All samples were assayed in duplicate.

Statistical analyses

The results are expressed as means ± S.D. The data were analyzed using either analysis of vari-

ance with Bonferroni post hoc testing or unpaired t tests, using Prism 5.0 software. A p value

less than 0.05 is considered significant.

Results

Effect of GILZ on TNF-α-induced arthritis

To test whether GILZ can offset or reduce the degree of TNF-α-induced arthritic inflamma-

tion, we created TNF-GILZ double transgenic (TNF-GILZ Tg) mice by crossbreeding GILZ

Tg mice with TNF-α Tg mice. The TNF-α Tg mouse carries a human TNF-α gene and is

expressed ubiquitously [41]. This mouse develops spontaneous polyarthritis at ~7 weeks of

age. The GILZ Tg mouse bears a mouse GILZ gene under the control of a 3.6kb rat type I colla-

gen promoter fragment (Col3.6), thus its expression is restricted to bone marrow mesenchy-

mal lineage cells (MSCs) and not in hematopoietic lineage cells (BMMs) as we have previously

shown [42]. FACS analysis of whole bone marrow cells confirmed that both the TNF-α Tg and

TNF-GILZ double Tg mice have high percentages of cells positive for human TNF-α in both

mesenchymal (CD11b-) and hematopoietic (CD11b+) lineage cell populations (Fig 1A).

Although the percentage of TNF-α-positive cells was reduced in mesenchymal lineage cells,

serum levels of mouse TNF-α remained unchanged in TNF-GILZ double Tg mice compared

with that in the TNF-α Tg mice (Fig 1B). Similar to the TNF-α Tg mice, which begin to
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develop spontaneous polyarthritis at the age of 7 weeks as previously reported [41], the

TNF-GILZ double Tg mice also started to develop polyarthritis (Fig 1C), indicating that mes-

enchymal lineage cell expression of GILZ does not counteract or delay the development of

TNF-α -induced arthritis in mice expressing high levels of human TNF-α globally.

Overexpression of GILZ protects bone from TNF-α-induced destruction

We then examined whether GILZ can protect TNF-α-induced inflammatory bone loss. DXA

analysis showed that both the bone mineral density (BMD) and bone mineral content (BMC)
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Fig 1. Characterization of TNF-GILZ Tg mice. (A) FACS analysis showing percentages of human TNF-α-positive hematopoietic (CD11b+) and

mesenchymal (CD11b-) lineage cell populations in bone marrow of the TNF- α and TNF-GILZ double Tg mice. Three to four mice were used in each group

and the experiment was repeated twice with similar results. (B) ELISA assays showing serum levels of mouse TNF-α in TNF and TNF-GILZ Tg mice. Each

data point represents one mouse. (C) Clinical arthritis scores of TNF and TNF-GILZ Tg mice. The results are expressed as means ± S.D. Unpaired t-tests

were performed for comparison.

https://doi.org/10.1371/journal.pone.0181133.g001
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exhibit a trend of increased mineralization in TNF-GILZ mice when compared with TNF-α
mice, although these increases were not statistically significant (Fig 2A). However, μCT analy-

sis showed significant increases in bone volume density (BV/TV) and trabecular thickness

(Tb.Th) in double Tg mice when compared with the TNF-α mice (Fig 2B). No difference were

detected in trabecular number (Tb.N) or trabecular spacing (Tb.Sp). Representative re-con-

structed 3D images of trabecular bone are shown (Fig 2C). Histology and histomorphometry

studies of decalcified femur and joint samples showed that TNF-GILZ double Tg mice have

increased osteoblast numbers (Ob.N) and osteoblast covered surface areas (Ob.S/BS) com-

pared to that in the TNF-α Tg mice (Fig 3A and 3C). The same results were obtained by

immunohistochemical staining of slides with anti-osteocalcin antibody (Fig 3B). Consistent

with the clinical scoring data (Fig 1C), histological analysis of the paw joint sections showed

no significant difference in either inflammation or joint structure between TNF-α Tg and
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https://doi.org/10.1371/journal.pone.0181133.g002
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Fig 3. H&E histology and histomorphormetry analysis of bone and joint. (A) Representative images of H&E stained femur of TNF and TNF-GILZ Tg

mice (enlarged boxed areas are shown on right). (B) Representative IHC staining images of femurs. Boxed areas are enlarged (right) and arrows indicate

osteocalcin-positive osteoblast cells. GP: growth plate; E: endocortical bone. (C) Bar graph showing quantified results of A. A Bioquant osteo image analysis

system (Bioquant, Nashville, TN) was used to count the number of osteoblasts and measure the oasteoblast covered area. A defined region of interest was

established ~0.5mm proximal to the distal growth plate and extended a further 0.5mm, all within the endocortical edges at 50x magnification. A total of 4 to 5

samples were analyzed for each group. (D) Representative histological images of paw-joint of TNF and TNF-GILZ Tg mice (20x). C: Cartilage damage; R:

Bone resorption; I: inflammation; O: Osteophyte. Scale bar = 100μm.

https://doi.org/10.1371/journal.pone.0181133.g003
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TNF-GILZ double Tg mice (Fig 3D). Together, these results indicated that overexpression of

GILZ in MSCs can protect or preserve, to some degree, trabecular bone integrity from inflam-

matory destruction.

GILZ modulates TNF-α-induced serum levels of cytokines and

chemokines

To determine if the inflammatory profile was altered in TNF-GILZ double Tg mice, we mea-

sured serum levels of osteoprotegerin (OPG) and receptor activator of nuclear factor kappa-B

ligand (RANKL), two factors that play important roles in bone metabolism, and several

inflammatory cytokines and chemokines that are involved in arthritic inflammation and bone

loss [4, 43–47]. Results showed that serum levels of OPG and RANKL were not significantly

different between TNF-GILZ double Tg mice and TNF-α Tg mice (Fig 4A). Serum levels of

IL-1β and MIP-1α were significantly lowered in TNF-GILZ double Tg compared with that in
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https://doi.org/10.1371/journal.pone.0181133.g004
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TNF-α Tg mice (Fig 4B). Levels of IL-6 were decreased while IL-10 were increased in TNF-

GILZ double Tg mice although these changes were not statistically significant (p = 0.08 and

0.06, respectively). No significant difference was detected between TNF-GILZ double Tg and

TNF-α Tg mice in levels of other cytokines and chemokines examined including eotaxin,

RANTES, IL-12, and IL-17 (Fig 4B).

Finally, we examined the local effects of GILZ in bones and joints, as well as in fibroblast-

like synoviocytes (FLS) since these cells are considered bona fide MSCs [48]. High levels of

GILZ mRNA were detected in FLS cells isolated from TNF-GILZ double Tg mice compared

with the TNF-α Tg mice (Fig 5A). The same mRNA expression pattern was also observed in

RNA samples isolated from tibiae and paw tissues (Fig 5A). Accordingly, the mRNA levels of

IL-6 were reduced significantly in RNA samples isolated from FLS cells and bone tissues (tibia

and paw) of the TNF-GILZ double Tg mice (Fig 5B).

Discussion

Rheumatoid arthritis (RA) is a chronic inflammatory disease affecting not only joints but also

the skeleton leading to systemic bone loss and increased risk of fractures. TNF-α is one of the

key factors responsible for inflammation and bone loss in RA [13]. Studies carried in animal

models have shown that TNF-α promotes the differentiation of bone resorbing osteoclasts while

inhibiting the activity of bone forming osteoblasts [13, 49, 50]. Clinical evidence show that inhi-

bition of TNF-α is effective in suppressing inflammation but reports on the effectiveness of TNF
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Fig 5. GILZ and IL-6 expression in synoviocytes and tibia and paw tissues. Real time qRT-PCR analysis showing levels of GILZ (A) and IL-6 mRNA

(B) in fibroblast like synoviocytes (FLS) and tibia and paw tissues as indicated. Data is presented as fold change. Value from TNF mice is arbitrarily set as 1.

Three to four mice were used in each group and the experiment was repeated twice with similar results.

https://doi.org/10.1371/journal.pone.0181133.g005
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inhibition in preventing bone loss are inconsistent [11, 12, 51, 52]. Thus, a search for new thera-

pies is necessary.

Glucocorticoids (GCs) are among the most potent anti-inflammatory drugs for treatment

of RA, but their clinical usage is limited due to their severe side effects on bone (GC-induced

osteoporosis) [12, 28, 53, 54]. Compelling evidence show that glucocorticoid-induced leucine

zipper (GILZ) protein is a GC anti-inflammatory effect mediator [32, 33, 55]. We previously

showed that overexpression of GILZ can enhance MSC osteogenic differentiation in vitro and

it promotes bone acquisition in mice [35, 37], Furthermore, we found that overexpression of

GILZ inhibits inflammatory cytokine-induced COX-2 expression [32] and antagonizes the

inhibitory effect of TNF- α on MSC osteogenic differentiation in vitro [36]. These studies

prompted us to investigate whether GILZ is capable of counteracting TNF-α-elicited arthritic

inflammation thus protect against systemic bone loss in TNF-α Tg mice. Data presented in

this study showed that overexpression of GILZ can protect against bone loss, which is consis-

tent with our previous finding [35, 37], but its effects on arthritic inflammation are limited.

Also, the TNF-GILZ Tg mice did not display a significant improvement on bone erosion or

joint damage compared with TNF Tg mice (Fig 3C), confirming our previous report that over-

expression of GILZ in MSC/progenitor cells does not have an effect on osteoclast differentia-

tion or activity [37].

Interestingly, we noticed that local expression of IL-6 in bone and joint, and in FLS is signif-

icantly reduced in TNF-GILZ double Tg mice compared to that in TNF-αTg mice. This

seemed unlikely since the FLS cells reside in joint which is outside of bone marrow cavity and

should not overexpress GILZ in TNF-GILZ mice. However, there are evidence showing that

the onset of RA is associated with a massive influx of mesenchymal cells into the joint [56, 57].

These mesenchymal cells or FLS are identified as bona fide bone marrow MSCs. These MSCs

are recruited to the arthritic joints but, due to the inflammation, their normal differentiation is

arrested and they acquire a ‘‘tumor-like” phenotype and are thought to play a key role in the

pathogenesis of RA [58]. Our data showed that GILZ is expressed in these cells (Fig 5A) and

suppresses the expression of IL-6 (Fig 5B). Both IL-6 and TNF-α are recognized as key cyto-

kines in RA pathogenesis and, a recent study by Malysheva et al suggested that IL-6 blockade

could partially rescue osteogenesis from the negative effect of TNF-α via Wnt signaling path-

way [59]. Therefore, GILZ inhibition of IL-6 may explain, at least in part, its protective effect

from inflammatory bone loss. We were unable to detect a reduction of serum IL-6 in TNF-

GILZ mice. The main reason for this discrepancy, we think, is that the GILZ transgene expres-

sion is restricted to mesenchymal lineage cells (MSCs, osteoblasts and adipocytes) but TNF-α
is overexpressed systemically in these mice. Indeed, the production of inflammatory cytokines

by hematopoietic lineage cells (CD11b-positive cells) was not affected in TNF-GILZ double Tg

mice (Fig 1A and 1B). This may also explain why GILZ, a GC anti-inflammatory effect media-

tor, failed to suppress inflammation in TNF-GILZ double Tg mice. It is expected that the anti-

inflammatory effect of GILZ would be much stronger if GILZ were overexpressed globally or

in hematopoietic lineage cells such as macrophages/neutrophils.
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