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Abstract

Age-dependent bone loss occurs in humans and in several animal species, including rodents. The 

underlying causal mechanisms are probably multifactorial, although an age-associated increase in 

the generation of reactive oxygen species has been frequently implicated. We previously reported 

that aromatic amino acids function as antioxidants and are anabolic for bone and that they may 

potentially play a protective role in an aging environment. We hypothesized that upon oxidation 

the aromatic amino acids would not only lose their anabolic effects but also potentially become a 

catabolic byproduct. When measured in vivo in C57BL/6 mice, the tryptophan oxidation product 

and kynurenine precursor, N-formylkynurenine (NFK), was found to increase with age. We tested 

the direct effects of feeding kynurenine (kyn) on bone mass and also tested the short-term effects 

of intraperitoneal kyn injection on bone turnover in CD-1 mice. Micro-CT analyses demonstrated 

kyn-induced bone loss. Levels of serum markers of osteoclastic activity (PYD and RANKL) 

increased significantly with kyn treatment. In addition, histological and histomorphometric studies 
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showed an increase in osteoclastic activity in the kyn-treated groups in both dietary and injection-

based studies. Further, kyn treatment significantly increased bone marrow adiposity, and BMSCs 

isolated from the kyn-injected mice exhibited decreased mRNA expression of Hdac3, and its co-

factor NCoR1 and increased expression of lipid storage genes Cidec and Plin1. A similar pattern 

of gene expression is observed with aging. In summary, our data show that increasing kyn levels 

results in accelerated skeletal aging by impairing osteoblastic differentiation and increasing 

osteoclastic resorption. These data would suggest that kyn could play a role in age-induced bone 

loss.
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Introduction

Tryptophan is one of the nine essential amino acids (AA) with several unique features: it is 

the only amino acid derived from an indole, it is the only amino acid that circulates 

primarily bound to albumin (85-90% bound/5-10% free) and it is present at the lowest 

concentration in the blood among the AAs (1). In addition, a number of tryptophan 

derivatives have significant bioactivity including kynurenine, quinolinic acids, serotonin and 

melatonin (2-4). Tryptophan is also the main substrate for the de novo synthesis pathway for 

NAD+, a key pathway in sirtuin activation and the aging process (5). In fact, tryptophan 

dietary restriction has been shown to extend rodent lifespan (6). After tryptophan ingestion, 

this AA can either be utilized for protein synthesis or broken down by various pathways 

including tryptophan 2,3 dioxygenase (TDO) by cleavage of its indole ring; or indoleamine 

2,3 dioxygenase 1 (IDO1) or indoleamine 2,3 dioxygenase 2 (IDO2). IDO1 and IDO2 both 

catalyze the same reaction but differ in that IDO2 has a much lower affinity for tryptophan 

than IDO1, though IDO2 may modulate IDO1 activity (7). Kynurenine is the main initial 

stable metabolic product of the enzymatic breakdown of tryptophan breakdown. TDO is 

located primarily in the liver and is responsible for the production of most of the kyn in the 

circulation; in contrast, IDO is expressed in multiple cell types including mesenchymal stem 

cells and macrophages to regulate local tryptophan breakdown. IDO1 and IDO2 are 

inducible by inflammation (8) primarily by interferon-gamma, and local tryptophan depletion 

by its breakdown suppresses immune responses (9,10). Interestingly, interferon-gamma 

activity has been shown to increase with age (11) as has IDO activity (12). These findings are 

consistent with the increase in circulating inflammatory cytokines seen with age (inflamm-

aging) and its association with chronic health conditions such as dementia, diabetes and 

sarcopenia (13). In anabolic states of muscle growth, tryptophan can be used for protein 

synthesis. However, with increasing age and sarcopenia, the relative contribution of the 

protein synthesis pathway to tryptophan metabolism decreases (14); the kyn pathway remains 

a major degradation pathway for tryptophan accounting for 95% of total breakdown. 

although in general, the liver remains the major site for tryptophan degradation (15,16). IDO1, 

induced by the associated inflammation seen with aging, becomes the major local 

tryptophan degradation pathway with generation of kyn as a byproduct. Several metabolites 

of tryptophan such as kyn and quinolinic acid have been shown to increase with age (17-19), 
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and these metabolites are implicated in age-related neurodegenerative changes and with 

increased mortality (12). An increased kynurenine/tryptophan ratio has also been shown to be 

inversely correlated with bone mineral density (BMD) (20). IDO1 and IDO2 are known to be 

present in bone marrow mesenchymal stromal cells (BMSCs) and IDO activity is highly 

inducible by interferon-gamma (21,22). We have previously shown that while tryptophan 

stimulates BMSC proliferation and differentiation, its metabolite, kyn, can inhibit these 

anabolic pathways (23).

These previous studies suggested that an elevated kynurenine/low tryptophan environment 

could contribute to age-induced bone loss by modulating BMSC activity. Therefore, if true, 

mimicking this “aged” environment in younger mice should also lead to a decrease in bone 

mass. We attempted to reproduce this environment in vivo by restricting dietary protein 

(lowering tryptophan) and feeding kyn to mature (12-month-old) mice. We found that after 

eight weeks of low protein/kynurenine feeding, there was significant bone loss and increased 

marrow adiposity similar to what we have previously reported for aged (24-month-old) 

C57BL/6 mice (24).

Materials and Methods

Measurement of serum kynurenine

Kynurenine and its metabolites were measured by RP-HPLC using a Zorbax SB-C18 

column and an Agilent 1200 series HPLC system coupled to an Agilent 6120 quadrupole 

LC/MS. Serum separation was performed using a 20-minute, 0-100% gradient of acetonitrile 

containing 0.1% trifluoroacetic acid and water containing 0.1% trifluoroacetic acid. A mass 

extraction of 236-238 was used to identify N-formylkynurenine. Results are expressed as 

mAU (milli Absorbance Units). Relative concentrations were determined by injecting equal 

volumes of undiluted serum extractions for all mice in each age group.

Generation of kynurenine

For the dietary experiments where kyn was fed to the mice, kyn was synthesized via 

oxidation of oxindolylalanine as previously described (23). Product formation was monitored 

by mass spectrometry. Upon completion, the reaction was neutralized to pH 7 by the 

addition of HCl. Excess solvent was removed by rotary evaporation and kyn purified by 

solid phase extraction. The product was verified by NMR using a Varian multinuclear 400 

MHz NMR spectrophotometer. The purity was assessed and the identity of the product 

confirmed by mass spectrometry (expected mass=208.2; actual mass=209.1) using an 

Agilent 1200 HPLC coupled to an Agilent 6120 quadrupole LC/MS. For the kyn injection 

studies, kyn was purchased commercially (Sigma).

Animal experimental design

All aspects of the animal research were conducted in accordance with the guidelines set by 

the Augusta University Institutional Animal Care and Use Committee (AU-IACUC) under a 

AU-IACUC approved Animal Use Protocol. For low protein and kyn dietary studies, twelve 

and 24-month-old, male C57BL/6 mice, in groups of 10, were obtained from the aged rodent 

colony at the National Institute of Aging. The animals were housed individually. 12 and 24-
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month-old mice were fed either standard protein (18%) or low protein (8%) diets for eight 

weeks. Low protein diets were prepared by Harlan-Teklad in consultation with their 

nutritionist. They were isocaloric purified diets that contained all essential amino acids. For 

subsequent studies 12-month-old mice were fed one of three specific diets: 1) 18% protein 

diet (standard protein diet); 2) 8% protein diet + kyn (50 μM) and 3) 8% protein diet + kyn 

(100 μM) for 8 wks. Animals were injected with calcein (20 mg/kg) 10 and 3 days prior to 

euthanasia to label actively mineralizing bone surfaces. The animals were euthanized using 

CO2 overdose followed by thoracotomy according to AU-IACUC-approved animal 

protocols. The animals were weighed at the beginning, at the end and every 2 wks during the 

experiment. The right femora were fixed in 4% paraformaldehyde (PFA) for 24 hours and 

then stored (24) in 70% ETOH for plastic embedding and histomorphometry. The L4 and L5 

vertebrae were fixed in PFA for μCT imaging. Left tibiae were fixed for paraffin embedding 

and tartrate-resistant acid phosphatase (TRAP) staining.

For kyn injection studies we followed the protocol described by Agudelo et al. (25), with 4-

month-old male CD-1 mice obtained from a commercial supplier (Charles River). Mice on 

standard 18% dietary protein received daily intraperitoneal (i.p.) injections of vehicle (PBS) 

or L-kynurenine (Sigma # K8625) at 2 or 20 mg/kg bodyweight for 10 days (n=10 per 

group). No acute adverse effects were detected with either dietary or injected kyn. Mice 

were injected with calcein (10 mg/kg body weight) on days 5 and 1 before sacrifice. The 

animals were euthanized using CO2 overdose followed by thoracotomy according to AU-

IACUC-approved animal protocols. Bilateral humerii were collected for BMSC culture. 

Right tibiae were fixed in 10% formalin and stored in 70% ethanol for plastic embedding 

and histology.

Micro-computed tomography (μ-CT)

L4 and L5 vertebrae were scanned with an ex vivo μ-CT system (Skyscan 1174; Skyscan, 

Aartlesaar, Belgium). The scanner was equipped with a 50 kV, 800 μA X-ray tube and a 1.3 

megapixel CCD coupled to a scintillator. Samples under examination were maintained in a 

moist environment to prevent dehydration. Four samples were placed in a plastic sample 

holder with the long axes oriented parallel to the image plane and scanned in air using 15-

μm isotropic voxels, 400 ms integration time, 0.5° rotation step, 360° rotation, and frame 

averaging of 5.

Stacks of two-dimensional X-ray shadow projections were used to reconstruct cross-

sectional images using NRecon software (Skyscan), and subjected to morphometric analyses 

using CTAn software (Skyscan). For three-dimensional (3-D) reconstruction (NRecon 

software), the grey scale was set from 60 to 140. μ-CT images were used for qualitative 

observations of bone structure and structural parameters were quantified from the μ-CT 

reconstructions. The three-dimensional morphometric parameters of bone micro-architecture 

were calculated using CTAn (Skyscan) software and the parameters measured include bone 

volume fraction [bone volume/total volume (BV/TV)], trabecular thickness (Tb.Th) and 

number (Tb.N).
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Serum assays

Upon euthanasia blood was collected via cardiac puncture, allowed to clot in chilled tubes 

on ice for approximately 30 min, centrifuged, and the serum separated and stored frozen at 

−80°C. Serum assays were performed using an enzyme immunoassay for pyridinoline cross-

links (Pyd, a marker of bone breakdown, in particular collagen resorption) (Quidel 

Corporation, San Diego, CA). The EIA kit recognizes baboon, cat, cow, dog, guinea pig, 

horse, human, rhesus macaque, mouse, and rat Pyd. A colorimetric kinetic determination of 

alkaline phosphatase (ALP) activity, a marker of bone formation, was performed using 

QuantiChrom Alkaline Phosphatase Assay Kit (DALP-250) (BioAssay Systems, Hayward, 

CA).. Serum concentrations of RANKL and OPG were measured using enzyme 

immunoassay kits (R & D Systems, Inc, Minneapolis, MN).

Isolation of RNA, synthesis of cDNA, and real-time PCR

Total RNA was isolated from the tibia of mice. Tibia bone particles were ground in liquid 

nitrogen with a mortar and pestle and the powdered tissue was dissolved in TRIzol. RNA 

was isolated using the TRIzol method following the manufacturer's instructions, and the 

quality of the RNA preparations was monitored by absorbance at 260 and 280 nm (Helios-

Gamma, Thermo Spectronic, Rochester, NY). The RNA was reverse-transcribed into 

complementary deoxyribonucleic acid (cDNA) using iScript reagents from Bio-Rad on a 

programmable thermal cycler (PCR-Sprint, Thermo Electron, Milford, MA). The cDNA (50 

ng) was amplified by real-time PCR using a Bio-Rad iCycler and ABgene reagents (Fisher 

Scientific, Pittsburgh, PA) and appropriate primers (Table 1). Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as the internal control for normalization.

BMSC culture

For the studies involving BMSC differentiation and mineralization, cells were isolated from 

the long bones of 6-month-old C57BL/6 mice (n=6). The mice were euthanized and the 

femora and humeri removed. The marrow was then flushed with phosphate-buffered saline 

(PBS) and the cellular material harvested. The cellular material was then centrifuged, the 

supernatant discarded and the pellet washed with PBS. The cells were then plated in 100 

cm2 culture plates with DMEM supplemented with 10% heat-inactivated fetal bovine serum 

(FBS), 50 U/mL penicillin/streptomycin, and 2 mML-glutamine. After 24 h, the 

supernatants were removed and the adherent stromal cells trypsinized for negative selection. 

A negative selection process was used to deplete hematopoietic cell lineages (T- and B-

lymphocytic, myeloid and erythroid cells) using a commercially available kit (BD 

Biosciences), thus retaining the progenitor (stem) cell population. The positive fractions 

were collected using the following parameters: negative for CD3e (CD3 ε chain), CD11b 

(integrin αM chain), CD45R/B220, Ly-6G and Ly-6C (Gr-1), and TER-119/Erythroid Cells 

(Ly-76). Next, positive selections were performed using the anti-Stem cell antigen-1 (Sca-1) 

column magnetic bead sorting kit (Miltenyi Biotec,).

For the studies involving kyn injections in CD-1 mice, humeral shafts were flushed with 

saline and cells seeded in osteogenic medium (alpha-MEM + 20% FBS + 1% antibiotic/

antimycotic, + 50 ug/mL ascorbic acid + 10 mM beta-glycerophosphate + 10-7M 
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dexamethasone), as previously described (26). Cells were cultured for 4 days, and total RNA 

was isolated with TRIzol.

Alizarin red assay

Alizarin red assays were performed as previously described (27). Briefly, BMSCs (5000 

cells/cm2) were plated in 24-well plates followed by osteogenic treatment with and without 

kyn. Alizarin red staining was performed after 21 days. The medium was removed, and the 

cells washed twice with PBS. The cells were fixed with 70% ethanol for 30 min at 4 °C. The 

fixed cells were stained with Alizarin red solution (40 mM; 300 μL/well) for 10 min and 

then washed with PBS until the supernatant was clear. The staining intensity was recorded 

by photography and the retained dye was extracted with 0.25 mL of 10% (wt/vol) 

cetylpyridinium chloride solution for 10 min. The solution was diluted at a ratio of 1:10 and 

read at 570 nm with a spectrophotometer.

Immunohistochemistry

Samples were processed as previously described (26). Briefly, tibiae were decalcified for 5 

days in 15% ethylenediamine tetra-acetic acid (EDTA). Bones were then embedded in 

paraffin and sectioned at a thickness of 8 μm. Immunohistochemical staining was performed 

with antibodies directed to Hdac3 (abcam 7030), or an IgG isotype control (Vector 

Laboratories I-1000). Chromogens were developed using a polyvalent secondary HRP 

detection kit (Abcam) followed by incubation in DAB (Sigma Aldrich). Sections were 

counterstained with fast green.

Histomorphometry for kynurenine dietary and injection studies

The right femora from mice in the dietary studies and the right tibia from mice in the 

injection studies were prepared for plastic embedding for measurements of dynamic 

histomorphometry. Bones were fixed in 4% PFA for 24 h and stored in 70% EtOH prior to 

processing. Bones were dehydrated and embedded in methyl methacrylate and sectioned in 

the frontal plane at 6–8 μm using a hard tissue microtome. Sections were viewed using an 

Olympus IX-70 fluorescent microscope to image labeled bone surfaces and section images 

were captured using a digital camera. Mineralizing surface (MS/BS), bone formation rate 

(BFR/BV, umˆ2 / umˆ2*day) and mineral apposition rate (MAR, um/day) were calculated as 

described (28,29).

Left tibiae from the dietary studies were decalcified in 4% EDTA for approximately 2-3 

weeks and then dehydrated, cleared in xylene, and embedded in paraffin. Plastic-embedded 

serial sections from the kyn injection studies were deplasticized in acetone. Sections (5 μm) 

were stained for tartrate-resistant acid phosphatase (TRAP) activity (Sigma #386A) with 

either hematoxylin or fast green counterstaining for quantification of osteoclasts or were 

stained with Goldner's Trichrome for quantification of osteoblasts. Osteoclasts in secondary 

spongiosa (30) were identified by TRAP activity, and osteoclast number (N.Oc/T.Ar, #/mm2) 

and osteoclast surface (Oc.S/BS, %) were quantified with histomorphometry software 

(Bioquant Osteo, Nashville TN)(31). Adipocyte number (N.Ad/T.Ar, #/mm2) and adipocyte 

volume fraction (AV/TV, %) were quantified from the same sections. Osteoblasts were 
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identified by morphology, and osteoblast number (Ob.N/BS, #/mm) and osteoblast surface 

(Ob.S/BS, %) were quantified.

Statistical analysis

All the data are expressed as mean ±SD. Statistical analyses were performed using SAS® 

9.3 (SAS Institute Inc., Cary, NC). A rank transformation was used prior to analysis where 

needed to stabilize variance across groups. Differences between the four diet groups were 

tested using one-way ANOVA. A post-hoc Dunnett's test was used to compare the three 

supplemented 8% protein groups to the control 18% control diet. The changes from baseline 

to the 8-week end of study were tested using within diet group paired t-tests. A 4 Diet Group 

by 5 Week (0, 2, 4, 6, and 8) repeated measures ANOVA was used to test the profile of 

changes across the study period for body weight. The test of interest was the group by week 

interaction and a significant interaction would indicate a differential effect of the diets. 

Significance for all tests was determined at alpha=0.05.

Results

Aging and Kynurenine Dietary Studies

We speculated that administration of kyn would accelerate skeletal aging. For our initial 

experiment, then, we monitored the initial tryptophan breakdown product N-

formylkynurenine (NFK) in mice of different ages and did, in fact, document that the serum 

concentrations of NFK were significantly increased with increasing age (Figure 1).

The next set of experiments was designed to determine the impact of dietary protein 

restriction on bone mass and turnover. We hypothesized that a high kyn, low protein 

concentration would more closely mimic an aging environment. Thus, initial experiments 

were first aimed at characterizing the impact of a low protein (8%) diet on bone mass and 

turnover. Low-protein diets, similar to caloric restriction, have been shown to extend lifespan 

in mice (32). As shown in Figure 2, in mature mice (12-month) low dietary protein had no 

impact on bone volume, trabecular number, osteoblast or osteoclast activity. This was in 

sharp contrast to the negative impact of a low protein diet on bone mass and parameters of 

bone turnover in the aged mice (24-month; Figure 2). The next experiments were designed 

to evaluate the impact of addition of increasing concentrations of kyn to 12-month-old mice 

diets with the purpose of mimicking an aged environment. For these experiments, we placed 

the mice on a low-protein (8%) diet to minimize the availability of amino acids with 

antioxidant capacity in order to maximize the pro-oxidant impact of kyn. We elected to 

supplement the low protein rather than the standard protein diet with kynurenine because a 

low protein diet has been used as an anti-aging measure (33);

Based on our in vitro experiments (23), two concentrations of kyn (50 and 100 μm) were 

selected for dietary studies and added directly to mouse chow prepared by the manufacturer. 

To ensure that diets did not have a negative impact on overall food intake, body weights at 

baseline and at 2-week intervals were measured (Tables 2 and 3). At baseline, there was no 

statistically significant differences in body weight between the different diet groups. We 

monitored the rate of food consumption between the different groups and found no 
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statistically significant difference in the amount of food intake (data not shown). For the 

18% protein diet, animals showed an increase in body weight at weeks 2, 4, 6 and 8 that was 

statistically significant (p<0.0001) when compared to baseline. The animals fed the 8% 

protein containing 50 or 100 μM kyn showed an increase in body weight over time that was 

statistically significant when compared to baseline. Overall the 8% protein diet groups had 

lower body weights compared to the 18% dietary protein (Table 3).

We had previously shown that C57BL/6 mice had a total, femoral and spinal bone mineral 

density (BMD) that peaked at 12 months (24) and then remained stable until 18 months of 

age, decreasing by 24 months. In the present study, however, at the end of eight weeks of 

dietary intervention in 12-month-old mice, the 8% protein diets containing also 50 or 100μM 

kyn negatively impacted bone mass (Figure 3). Bone micro-architecture of L4 and L5 

vertebrae was evaluated by μCT. Bone volume (BV) and bone volume over total volume 

(BV/TV) were significantly decreased in the 8% protein + 50μM and 100μM kyn versus the 

18% protein diet (Figure 3A and B). In addition, trabecular number was decreased in the 8% 

protein + 50μM kyn (Figure 3C). Trabecular thickness (Fig 3D) tended to be decreased in 

the kyn-fed group compared to controls but did not achieve statistical significance. To 

further evaluate the mechanism underlying the kyn-induced decreases in bone mass we next 

performed bone histomorphometry. Tibial osteoclasts were TRAP-labeled; TRAP-positive 

osteoclast number, calculated as the number of TRAP-positive osteoclasts per square 

millimeter of trabecular surface (TRAP+OcN/BS expressed as the no./mm2) in decalcified 

tibiae, was significantly increased (3E). Regarding bone formation metrics, although there 

was a slight decrease in the number of osteoblasts in the 8% protein + 50μM or 100μM kyn 

compared to the 18% protein diet, the values did not achieve statistical significance (Figure 

3F). To better visualize these findings we performed 3D reconstructions of representative L4 

vertebra of a control mouse (3G) or after feeding 50 μM (3H) or 100 μM (3I) kyn. As shown 

kyn feeding at either dose resulted in a dramatic decrease in trabecular bone. This was 

further supported by results from serum markers of bone turnover. The levels of pyridinoline 

cross-links (PyD), a bone resorption marker, were significantly elevated in the kyn-fed group 

versus the 18% protein diet (Figure 4A), with an increase of about 50%. This result is 

consistent with a kyn-induced increase in bone breakdown. No effect of diet on serum 

alkaline phosphatase activity (a marker of osteoblast activity) was observed (Figure 4B). To 

further define the mechanism involved in the increase in this marker of bone resorption we 

measured RANKL (receptor activator of nuclear kappa-β ligand) (Figure 4C) a cytokine 

which promotes osteoclast differentiation, and found it significantly increased after feeding 

100 μM kyn. In contrast, levels of osteoprotegerin (OPG), which binds and inactivates 

RANKL, did not change after kyn feeding (Figure 4D). In terms of dynamic parameters, the 

mineral apposition rate was decreased in the 8% protein + 50μM or 100μM kyn versus the 

18% protein diet (Figure 4F) as was the bone formation rate (Figure 4E). These results of 

increased osteoclastic activity and decreased mineral apposition are similar to the changes 

seen with aging. Consistent with these findings, kyn feeding resulted in a significant increase 

in bone marrow adiposity (Figure 6A), with an increase in both adipocyte number and 

volume. Nutrients are known to induce epigenetic changes, and conditional deletion of 

histone deacetylase-3 (Hdac3) in the skeleton is known to lead to increased bone marrow 

adiposity. In addition, Hdac3 activity has been shown to decrease with age and thus 
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contribute to age-related increases in bone marrow adiposity (26); therefore, we measured 

Hdac3 expression and found that in fact, kyn decreased expression of Hdac3 in bone as 

measured by immunohistochemistry (Figure 6B).

Bone Marrow Stromal Cells and Osteoclasts

Kynurenine results from tryptophan breakdown; thus, we examined both osteoclasts and 

bone marrow stromal cells for expression of IDO1, the main enzyme responsible for local 

tryptophan breakdown. We found that osteoclasts strongly express IDO1, while in BMSCs, 

although IDO1 is clearly present, it is expressed at a lower level than that in osteoclasts 

(Figure 5A). BMSCs in osteogenic culture respond to kyn treatment with decreased 

expression of Runx2, a marker of osteoprogenitor commitment (Figure 5B), and in 

mineralization experiments, kyn also dose dependently inhibited osteoblastic mineralization 

(Figure 5C).

Kynurenine Injection Studies

To better define the mechanism by which kyn decreased bone mass, we performed short-

term intraperitoneal injection-based studies of kyn's effects on BMSC behavior. To broaden 

the applicability of our findings we used an outbred mouse strain, CD-1. For these studies 

we maintained the mice on a standard (18%) dietary protein diet during the kyn injection 

period. To explore relationships between Hdac3 and marrow adiposity uncovered in the 

dietary studies, BMSCs were isolated from the kyn-injected mice and cultured; we found 

that cultures from mice treated with kyn exhibited decreased mRNA expression of Hdac3, 

similar to what is observed with aging (26). Kynurenine treatment also decreased expression 

of Hdac3's co-factor NCoR1 and increased expression of the lipid storage genes, Cidec and 

Plin1, but did not alter the expression of the adipocyte markers Pparγ2 and Fasn (Figure 

6C). A similar pattern of gene expression is observed with both aging and suppression of 

Hdac3, and suggest that aging-induced increases in bone marrow kyn levels may in fact be 

responsible for the observed age-related suppression of Hdac3.

Similar to findings with dietary administration of kyn, injection-based kyn administration 

suppressed bone formation activity, as measured by a significant decrease in bone 

mineralizing surface (-49%, p=0.018) and a trend for decreased mineral apposition rate 

(-27%, p=0.09) (Figure 6 D-E). Kynurenine treatment also increased bone resorption 

activity, as measured by a significant increase in osteoclast number (+760%, p=0.020) 

(Figure 6F).

Discussion

Aging is associated with significant changes in multiple organ systems, including bone. In 

humans, bone mineral density increases until the ages of thirty to thirty-five followed by 

gradual bone loss of 1-2% after age fifty (34,35). This age-related bone loss is distinct from 

the bone loss that occurs related to loss of estrogen in women (36). We have previously 

shown that as BMSCs age, there is a decrease both in their proliferative capacity and in their 

ability to differentiate into osteoprogenitor cells (37). The mechanisms underlying either age-

related bone loss or the decrease in BMSC capacity are poorly understood but may involve 
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changes in hormonal status, physical activity, circulating levels of inflammatory cytokines or 

reactive oxygen species (ROS) (34,38). ROS release affects surrounding structural proteins or 

enzymes resulting in their modification or inactivation (39,40). Individual amino acids can 

also be oxidized resulting in loss of their anabolic effects on bone cells, but it is not known 

whether the oxidation products of some of these amino acids might themselves be toxic. 

Among the 20 amino acid residues, methionine, cysteine, tyrosine and tryptophan are 

particularly prone to oxidation. Interestingly, these same amino-acids have been implicated 

in the aging process. To test our hypothesis that oxidation of amino acids with age may 

produce anti-osteogenic metabolites, we used C57BL/6 mice, since we and others have 

previously shown that the C57BL/6 mouse is a valid model to study age-induced bone 

loss (24,41,42). These mice begin to lose bone after 18 months of age and have large drops in 

bone mass by 24 months of age (24).

The studies presented here demonstrate that while a low-protein diet results in bone loss in 

aged mice (24-month), it has no impact on bone mass in mature (12-month old) mice. These 

results are similar to those in a study by Levine et al (43) in which the authors report that a 

low-protein diet impacted body weight in old but not young mice and that high-protein diets 

were beneficial in aged but not young mice. However, if the tryptophan oxidation product, 

kyn, is added to the low protein diet or injected, this oxidized AA leads to increased bone 

resorption, decreased bone formation and a loss of bone mass. Further, kyn injection results 

in a decrease in Hdac3 expression and an increase in marrow adiposity in a pattern similar to 

that seen with aging. Of note, for the studies where kyn was administered in the diet (Figure 

3), kyn was added to a low protein (8%) diet while the control group was fed a standard 

protein (18%) diet. The low protein diet was utilized only after our studies showed that by 

itself a low protein diet did not have a negative impact on bone mass in 12-month-old mice 

(Figure 2). A limitation of the study was that the control group for Figure 3 was not fed a 

low protein (8%) diet. However, for the studies where kyn was administered by injection 

(Figure 6), the mice were fed a standard protein (18%) diet demonstrating that even with the 

higher protein diet kyn treatment had a negative impact on bone. These data suggest that the 

detrimental effects seen on bone mass in Figure 2 were related to the kyn and not to the low 

protein diet.

In view of the fact that kyn is the main metabolic product of tryptophan oxidation and that 

tryptophan is the essential AA that circulates at the lowest concentrations in humans (1), thus 

making it particularly susceptible to depletion, our studies focused on kyn. The kynurenine 

pathway has emerged as a major research focus in immunology, as the depletion of L-

tryptophan can have a significant negative effect on cell proliferation, particularly that of T 

cells (44,45). There are also situations where kyn potentially serves a beneficial function in 

bone homeostasis. When inflammatory pathways are activated at the tissue level after injury, 

anti-inflammatory processes are concurrently activated to limit potential damage from 

unchecked inflammation. This process has best been studied in mouse models of collagen-

induced arthritis (CIA) (46), in which injection of type II collagen in mice is used as an 

animal model for rheumatoid arthritis. CIA results in an increase in the inflammatory 

cytokine interleukin-γ, which stimulates IDO1 expression and the ensuing drop in 

tryptophan and rise in kyn (which is toxic to T-cells (46)) results in a decrease in pro-

inflammatory cytokines such as interleukin-17, thus restraining inflammation. As evidence 
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of this, CIA in IDO1 knockout mice is significantly worse than in control mice (46). Thus, a 

possible scenario is that age-associated inflammation (inflamm-aging) leads to increased 

expression of IDO1 and a compensatory increase in kyn. However, in an injury model 

inflammation is short-lived, whereas with aging, persistently low levels of tryptophan and 

high levels of kyn, rather than being helpful as anti-inflammatory agents, can themselves 

become harmful and result in bone loss.

It is also possible that the detrimental effects on bone mass we observed with kyn 

administration were not due to kyn itself but to other metabolic products. A previous study 

demonstrated elevated levels of kyn pathway metabolites, such as quinolinic acid and others, 

in several age-associated conditions and diseases (47). Thus, in this setting, kyn served only 

as the precursor to these downstream toxic metabolites. These studies are consistent with our 

hypothesis suggesting a role of kyn in aging; however, whether effects are due solely to kyn 

is not completely clear.

In contrast to our results, Vidal et al. (48) reported that IDO was important for 

osteoblastogenesis and that IDO1 knockout mice had a low bone mass. The reason for the 

discrepancy is not clear. It is possible that IDO generates additional metabolites besides kyn, 

which are anabolic (rather than catabolic) for bone or there might be a dose-dependency to 

the kyn effect.

In summary, kynurenine treatment of mature (12-month-old) mice results in an increase in 

osteoclast number and activity, and a decrease in bone formation and bone mass. Kynurenine 

also decreases the expression of the epigenetic marker, Hdac3, resulting in an increase in 

marrow adiposity in a pattern similar to that observed with aging (as in 24-month-old mice). 

These data suggest that age-dependent increases in kynurenine levels might serve as a 

pathological mediator of age-related bone loss.
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Figure 1. Serum N-Formylkynurenine Levels Increase with Age
Mice of the indicated ages were sacrificed and blood collected by cardiac puncture. Serum 

was prepared and flash frozen in liquid nitrogen. Frozen samples were thawed and analyzed 

by RP-HPLC for the levels of N-formylkynurenine (NFK) as described in Methods. The 

units for the MS measurements in the Y-axis are mAU (milli Absorbance Units). Relative 

concentrations were determined by injecting equal volumes of undiluted serum extractions 

for all mice of each age group. Values represent the mean ± SD of 10 animals of each age.
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Figure 2. Bone Microarchitecture in Mature (12-month-old) vs. Aged (24-month-old) Mice after 
8 Weeks of Low Dietary Protein Feeding
Bone microarchitectural parameters of L4 and L5 vertebrae were monitored ex vivo by μCT 

(Skyscan 1174; Skyscan, Aartlesaar, Belgium). (A) Bone volume (in mm3) was significantly 

decreased in the 24-month-old animals fed the 8% protein diet compared to the 18% protein 

diet. The low dietary protein had no effect on bone mass in the 12-month-old mice; (B) The 

percentage of bone volume/total volume (BV/TV in %) also showed a statistically 

significant decrease in the 24-month-old mice fed the 8% protein diet. (C) Trabecular 

number (Tb.N, per mm) was decreased significantly only in the 24-month old low-protein 
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animals; (D) Trabecular thickness (in mm) was not altered. (E) Osteoclast number was 

increased in the 24-month-old mice placed on a low-protein diet while osteoblast number 

was decreased in this group (F). Data are presented as mean ± SD; n=10 for each diet group.
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Figure 3. Bone Microarchitecture is Altered by Dietary Kynurenine Supplementation
Mature (12-month-old) mice were fed the indicated diets and bone microarchitectural 

parameters of L4 and L5 vertebrae monitored ex vivo by μCT. (A) Bone volume (in mm3) 

was significantly decreased in the animals fed the 8% protein diet supplemented with 50μM 

or 100μM kynurenine compared to the 18% protein diet. (B) The percentage of bone 

volume/total volume (BV/TV in %) also showed a statistically significant decrease in the 

kynurenine-supplemented mice versus those fed the 18% protein diet. (C) Trabecular 

number (Tb.N, per mm) tended to decrease in the kynurenine-supplemented animals; only 
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the 8% protein + 50μM kynurenine achieved statistical significance. (D) Trabecular 

thickness (Tb.Th in mm) was not affected. (E) Osteoclast but not (F) osteoblast number was 

significantly increased by kynurenine. Data are presented as mean ± SD; n=9-10 for each 

diet group, n=5 for osteoclast numbers. Shown in panels G, H and I are representative 3D 

reconstructions of a vertebra from either a control mouse (3G), or from mice after eight 

weeks of feeding 50μM kyn (3H) or 100 μM kyn (3I).
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Figure 4. Kynurenine Supplementation Increases Bone Breakdown
Serum samples collected from mice fed each diet were assayed as described in Methods. (A) 

Serum levels of pyridinoline (Pyd) cross-links measured by enzyme immunoassay were 

increased in the animals fed an 8% protein diet supplemented with kynurenine compared to 

those fed the 18% protein diet, although only the 8% protein + 100μM kynurenine reached 

statistical significance. (B) Serum alkaline phosphatase (ALP) activity was monitored by a 

colorimetric kinetic determination and showed no statistically significant differences among 

the three diets. Data are presented as mean ± SD; n=9 for each group. (C) RANK ligand was 
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measured by ELISA and was significantly increased at the higher kyn concentration; (D) 

osteoprotegerin, which binds and inactivates RANKL did not change after kyn feeding. 

Histomorphometric analysis of femora was performed as described in Methods. (E) Bone 

formation rates were determined for the three groups and showed a significant decrease with 

the higher dietary kyn. (F) Mineral apposition rate was measured and found to be 

significantly decreased in the 8% protein+100μM kynurenine compared to the 18% protein 

diet. Data are presented as mean ± SD.
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Figure 5. Indoleamine-2,3-Dioxygenase-1 (IDO1) is Expressed in all Bone Cells and Kynurenine 
Inhibits BMSC Differentiation and Mineralization
A) Tissues from C57BL/6 mice were isolated and IDO1 expression determined by RT-PCR 

with GAPDH measured as the housekeeping control. Shown is a representative experiment, 

with liver tissue analyzed as a positive control for IDO1 expression. (B) Addition of 100 μM 

kynurenine inhibits the expression of Runx2, a marker of osteoblastic commitment. Data 

represent the mean ± SEM of 3 independent experiments, using BMSC isolated from n ≥ 6 

young C57BL6 male mice (3- to 4-months-old) in each experiment on day 7 of osteogenic 

culture. * p ≤ 0.05 vs. control; (c) BMSCs isolated from wild-type C57BL/6 were induced to 

El Refaey et al. Page 22

J Bone Miner Res. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differentiate using osteogenic medium in the absence and presence of kynurenine (100μM) 

and bone mineralization determined by alizarin red staining. Results are representative of at 

least three separate experiments.

El Refaey et al. Page 23

J Bone Miner Res. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Kynurenine Supplementation Increases Bone Marrow Adiposity
Tibiae from mice fed the four diets were isolated and the bone marrow analyzed for 

adiposity as described in Methods. (A) Adipocytes were counted and their volume 

determined. Values represent the mean ± SD, and a dose-dependent increase in both 

parameters was observed. (B) Representative micrographs of immunostaining for Hdac3 in 

the cortical bone from the 18% protein group and the 8% protein + 100μM kynurenine. (C) 

Bone marrow stromal cells were isolated from the humerii of animals injected with 

kynurenine and the expression of Hdac3 and its cofactor NCoR1, as well as lipid storage 

genes and adipocyte markers, was determined by quantitative RT-PCR as described in 

Methods. Values are expressed as means ± SEM of n=3. (D-F) Tibiae from mice injected 
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with vehicle (control) or 20 mg/kg kynurenine were histologically analyzed as described in 

Methods. Mineralizing surface (D), mineral apposition rate (E), and osteoclast number (F) 

were quantified. Values represent the mean ± SEM of n=5 mice per group.
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Table 1

Primers.

Gene Primer

IDO ACTGTGTCCTGGCAAACTGGAAG
AAGCTGCGATTTCCACCAATAGAG

Runx2 GGAAAGGCACTGACTGACCTA
ACAAATTCTAAGCTTGGGAGGA

Cidec TCCAAGCCCTGGCAAAAGAT
CGGAGCATCTCCTTCACGAT

Plin1 TGCTGCACGTGGAGAGTAAG
TGGGCTTCTTTGGTGCTGTT

Fasn GTGATAGCCGGTATGTCGGG
TAGAGCCCAGCCTTCCATCT

Pparγ CCCACCAACTTCGGAATCAG
AATGCGAGTGGTCTTCCATCA

Hdac3 GCATTCGAGGACATGGGGAA
TTTCGGACAGTGTAGCCACC

Ncor1 TTATCGGAGCCACCTACCCA
CAGGTAAGCAGCAGCAGGAT

GAPDH CATGGCCTCCAAGGAGTAAGA
GAGGGAGATGCTCAGTGTTGG
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