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Abstract

Tryptophan is an essential amino acid catabolized initially to kynurenine (kyn), an 

immunomodulatory metabolite that we have previously shown to promote bone loss. Kyn levels 

increase with aging and have also been associated with neurodegenerative disorders. Picolinic acid 

(PA) is another tryptophan metabolite downstream of kyn. However, in contrast to kyn, PA is 

reported to be neuroprotective and further, to promote osteogenesis in vitro. Thus, we 
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hypothesized that PA might be osteoprotective in vivo. In an IACUC-approved protocol, we fed 

PA to aged (23-month-old) C57BL/6 mice for eight weeks. In an effort to determine potential 

interactions of PA with dietary protein we also fed PA in a low-protein diet (8%). The mice were 

divided into four groups: Control (18% dietary protein), +PA (700 ppm); Low-protein (8%), +PA 

(700 ppm). The PA feedings had no impact on mouse weight, body composition or bone density. 

At sacrifice bone and stem cells were collected for analysis, including μCT and RT-qPCR. 

Addition of PA to the diet had no impact on trabecular bone parameters. However, marrow 

adiposity was significantly increased in PA-fed mice, and in bone marrow stromal cells isolated 

from these mice increases in the expression of the lipid storage genes, Plin1 and Cidec, were 

observed. Thus, as a downstream metabolite of kyn, PA no longer showed kyn’s detrimental 

effects on bone but instead appears to impact energy balance.

Keywords

Bone loss; Stem cells; Aging; marrow adipocytes

Introduction:

Tryptophan is an essential amino acid that may be either utilized for protein synthesis or 

broken down into a series of catabolites that have been shown themselves to have biological 

effects. Tryptophan breakdown occurs predominantly through one of two enzymes, 

indoleamine 2,3-dioxygenase (IDO), expressed predominantly in inflammatory cells, or 

tryptophan 2,3-dioxygenase (TDO), expressed predominantly in the liver. TDO-generated 

kynurenine is the first catabolite in the tryptophan degradation process. TDO is inducible by 

glucocorticoids and is the main source of circulating kynurenine in younger animals 

(Ogbechi and others 2020). In contrast, IDO1 expression is inducible by inflammatory 

cytokines, in particular interferon γ, and may be the main source of tissue kynurenine in 

older animals, as part of the inflamm-aging process (Badawy 2017). We have previously 

shown that dietary kynurenine results in an accelerated aging phenotype in mice, with a 

decrease in bone mass and an increase in marrow adiposity (Refaey and others 2017). 

Further, in humans, high bone marrow concentrations of kynurenine are associated with an 

increased risk for hip fracture (Kim and others 2019).

At the other end of this degradation pathway are quinolinic acid (QA) and picolinic acid 

(PA). 3-hydroxyanthranilic acid (3HAA) is converted to 2-amino-3 carboxymuconic-6 

semialdehyde which is then either converted to PA though ACMSD (amino-β-

carboxymuconate-semialdehye-decarboxylase) or to QA through a nonenzymatic reaction. 

QA is a neuroexcitatory metabolite, an NMDA receptor agonist that also increases glutamate 

levels, lipid peroxidation and oxidative stress in the nervous system (Tan and others 2012). 

However, QA can be further broken down to nicotinamide adenine dinucleotide (NAD+), an 

important co-factor in metabolism.

Studies to date on PA have focused mainly on either its neuroprotective or immune 

regulatory effects. In situations where 3HAA levels exceed ACMSD’s capacity to maintain 

3HAA breakdown (e.g., inflammatory states associated with greater tryptophan 
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degradation), then more is converted to QA and there is further neurotoxicity. In fact, high 

QA and low PA levels have been associated with an increase in suicidal behavior (Brundin 

and others 2016) and neurodegenerative disorders such as Parkinson’s disease (Tan and 

others 2012). PA also has been shown to have immunomodulatory properties. Rapisarda et 

al. (Rapisarda and others 2002) showed that PA at concentrations of 4 mM stimulated 

macrophage inflammatory protein (MIP) 1α and 1-β synthesis and release by macrophages. 

Heilman et al. (Heilman and others 2019) showed that there was a negative association 

between PA and interleukin-6, a cytokine that positively correlated with personality 

disorders. These data would suggest that PA has a neuroprotective role. There are few 

studies examining PA effects on the musculoskeletal system but a publication by Vidal et al. 

(Vidal and others 2015) would suggest that it is also osteoprotective/osteogenic. These 

authors examined the effect of various doses of PA on mesenchymal stem cell differentiation 

in vitro and found that at concentrations between 50 and 100 μM, PA increased the number 

of osteoblastic colony forming units, osteoblastic differentiation and Runx 2 expression; at 

the higher PA dose of 100 μM, PA also increased osteocalcin expression. However, PA 

effects on the skeletal system in vivo have not been studied to date. Thus, in the present 

study we wished to evaluate the impact of PA addition to the diet of aged mice to determine 

if, similar to its neuroprotective effects, it would be protective against age-related bone loss.

Materials and Methods:

Animal experimental design:

All protocols were conducted in accordance with the guidelines established by the Augusta 

University Institutional Animal Care and Use Committee (AU-IACUC). For low protein and 

PA-supplemented diets, experiments were conducted as previously described (Refaey and 

others 2017). Twenty-three-month-old, male C57BL/6 mice were obtained from the aged 

rodent colony at the National Institute on Aging. The animals were fed either standard 

protein (18%) or low protein (8%) diets with or without added picolinic acid (700 ppm) for 

eight weeks. Picolinic acid concentration was selected based on previously published data 

(Grant and others 2009). Diets were prepared by Harlan-Teklad in consultation with their 

nutritionist and were isocaloric purified diets that contained all essential amino acids. The 

study groups consisted of: 1) 18% (standard) protein diet; 2) 18% protein diet + PA (700 

ppm); 3) 8% (low) protein diet and (4) 8% protein + PA (700 ppm) for 8 wks. Animals were 

euthanized using CO2 overdose followed by thoracotomy according to an AU IACUC-

approved protocol. The animals were weighed at the beginning, at the end and every 2 wks 

during the experiment. Body composition and bone density were measured by dual-energy 

x-ray absorptionmetry (DXA, PIXImus) as previously described (Refaey and others 2017). 

The right femora were fixed in 10% neutral buffered formalin (NBF) for 24 hours and then 

stored in 70% ethanol for plastic embedding (Hamrick and others 2006). The right femora 

were fixed in NBF for μCT imaging.

Micro-computed tomography (μ-CT):

Femora were scanned with an ex vivo μ-CT system (Skyscan 1174; Skyscan, Aartlesaar, 

Belgium) as previously described (Refaey and others 2017). Briefly, samples under 

examination were maintained in a moist environment to prevent dehydration. Four samples 
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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). The three-dimensional morphometric parameters of bone 

microarchitecture were calculated using CTAn (Skyscan) software and the parameters 

measured included bone volume fraction [bone volume/total volume (BV/TV)], trabecular 

thickness (Tb.Th) and number (Tb.N) and trabecular separation (Tb.Sp). Significance was 

evaluated by ANOVA with Tukey’s post-hoc tests.

Marrow Adiposity

Right femora were decalcified in 4% EDTA for approximately 2–3 weeks and then 

dehydrated, cleared in xylene, and embedded in paraffin. Histological sections were stained 

with hematoxylin and eosin for quantification of marrow adipocyte area fraction (Ad.Ar/

M.Ar, %) and marrow adipocyte density (N.Ad/M.Ar, #/mm^2), as previously described 

(Pierce and others 2019). Significance was evaluated by ANOVA followed by Tukey’s post-

hoc tests.

Bone Marrow Stromal Cell (BMSC) Cultures

Bone marrow was flushed from the long bones, and adherent BMSC were cultured in 

osteogenic culture medium for 7 days (RNA) or 21 days (mineralized matrix production) as 

previously described (McGee-Lawrence and others 2016).

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

Total RNA was isolated from the cultured cells and tibiae of mice as previously described 

(Refaey and others 2017). Tibiae were ground in liquid nitrogen with a mortar and pestle 

and the powdered tissue was dissolved in TRIzol. RNA was isolated 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.

Alizarin red assay

Alizarin red assays were performed as previously described (Fulzele and others 2013). 

Briefly, BMSCs (106 cells per well) were plated in 6-well plates followed by osteogenic 

treatment with and without PA. Alizarin red staining was performed after 21 days as 

previously described (McGee-Lawrence and others 2013) Image density in individual wells 

was calculated using Adobe Photoshop and significance evaluated by ANOVA and Tukey’s 

post-hoc tests
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Statistical analysis:

All the data are expressed as mean ±SD. Statistical analyses were performed as previously 

described (Refaey and others 2017) using Prism 8 software (Graphpad). Significance for all 

tests was determined at alpha=0.05.

Results:

PA did not impact body weight or body composition

Initial outcome measurements focused on body weight and composition to evaluate possible 

PA toxicity and effects on muscle mass as measured by lean body mass, as we had 

previously found for kynurenine and muscle metabolism (Dukes and others 2015). As shown 

in Figure 1, Panel A, mice on the low dietary protein (8%) diet tended to have lower body 

weights but these differences were not statistically significant and are consistent with our 

previous published studies (Refaey and others 2017). Further, addition of PA to the two 

dietary protein conditions did not have any additional effect on weight (Panel A), lean body 

mass (Panel B) or fat content (Panel C).

PA did not impact bone mineral density

We previously showed that 12 month old C57BL/6 mice placed on a low protein diet had a 

lower bone mineral density, as measured by bone densitometry, than those fed a standard 

protein diet (Refaey and others 2017). However, dietary PA did not have any beneficial 

effect on bone mass in these aged mice (Figure 2) whether measured as total density (Panel 

A), spinal or trabecular bone density (Panel B) or femoral or cortical bone density (Panel C). 

These findings are in contrast to those we reported for another tryptophan catabolite, 

kynurenine, which decreased bone density after an eight-week dietary intervention (Refaey 

and others 2017).

PA did not impact trabecular bone parameters

To better evaluate possible PA effects on trabecular bone, we used μCT to evaluate the 

microarchitecture of the femoral head as previously described (Refaey and others 2017). As 

seen in Figure 3, PA had no significant effects on bone volume over total volume (BV/TV-

Panel A), trabecular thickness (Tb.Th-Panel B), trabecular number (Tb.N-Panel C), or 

trabecular separation (Tb.Sp.-Panel D). Also shown below the graphs are representative 3D 

reconstructions of a femur removed from mice who received the specified treatment 

regimen.

PA increased marrow adiposity

We had previously shown that kyn feeding to mice resulted in bone loss and an increase in 

marrow adiposity suggestive of an accelerated aging phenotype (Refaey and others 2017). 

Thus, we next examined the impact of PA, a downstream kyn catabolite, on marrow 

adiposity (Figure 4). Modification of the dietary protein content had no impact on adiposity, 

which was similar whether the mice were on the 8% or 18% dietary protein regimen. 

However, PA addition to the standard protein diet (18%) significantly increased adipocyte 

number (Panel B). Of note this study used older mice (23 months) which already have 
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higher marrow adiposity than mature mice (12 months); nevertheless, this parameter was 

further increased by the addition of PA. We next decided to evaluate the impact of PA on 

gene expression associated with lipid storage since we had previously shown these to be 

modulated by kynurenine (Refaey and others 2017).

We had previously shown an effect of kynurenine on lipid storage genes Cidec and Plin1 in 

early osteoblastic cell cultures (Refaey and others 2017). To explore potential causal 

relationships between PA and marrow adiposity, BMSCs were isolated from the bones of 

mice treated with the low or high dietary protein ± PA. PA treatment increased expression of 

the lipid storage genes, Cidec and Plin1 (Figure 4C). Interestingly, the larger effect on lipid 

storage gene expression was seen in the low protein (8%) conditions. We also examined 

RUNX2 expression and did not find any impact of PA treatment on RUNX2.

PA had no impact on bone mineralization as measured by Alizarin Red

BMSCs were isolated from mice treated with low/high protein ± PA. PA has been previously 

shown to promote bone mineralization (Vidal and others 2015). Thus, we next examined the 

impact of PA treatment on BMSCs of mice exposed to the different dietary manipulations 

(Figure 5). We found that the low-protein diet resulted in impaired mineralization but 

otherwise PA had no impact on mineralization, as measured by alizarin red.

Discussion

To sum up, dietary PA treatment of aged mice altered their marrow adiposity but had no 

effect on bone mass. PA is a downstream kyn catabolite and our initial hypothesis was that 

PA would be osteoprotective for bone, as it appears to be for the nervous system (Lovelace 

and others 2017). Our current data are in contrast to those of Vidal et al. (Vidal and others 

2015) who found that PA had an osteogenic effect. The cause of this discrepancy is not clear 

but may relate to differences between concentrations used in vivo versus in vitro, the age of 

the animals from which the BMSCs were derived (2-month versus 23-month old) or 

differences in the type of PA exposure (direct versus through dietary intake). It should also 

be noted that the osteogenic studies with PA in vitro were performed with either human cells 

or IDO knockout mouse-derived BMSCs so this might also be a contributory factor to the 

observed differences.

The first metabolite of tryptophan is kyn, with breakdown catalyzed by either IDO or TDO. 

Although the definitive receptor for kyn action has not yet been identified, at least some of 

its actions may be mediated by the aryl hydrocarbon receptor (AhR) (Jaronen and Quintana 

2014). AhR is an evolutionarily conserved receptor belonging to the basic helix-loop-helix 

family of dimerizing transcription factors initially characterized as a receptor for 

environmental toxins such as 2,3,7,8-tetrachlorodibenzo-p-dioxin but widely expressed in 

normal and abnormal tissue and bound by endogenous ligands including kynurenine 

(Jaronen and Quintana 2014). Thus, it is possible that some of the differences in bone mass 

observed between PA and kyn treatment are related to differences in receptor affinity for 

AhR or for other tissue specific receptors. It is also possible that PA and kyn show 

differences in epigenetic activation. Thus, we have previously shown that kyn suppresses 

histone deacetylase-3 (Hdac-3) (Refaey and others 2017), an epigenetic factor known to be 
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important in bone mineralization (McGee-Lawrence and others 2013) and impairs 

mineralization as measured by alizarin red staining (Refaey and others 2017). Our current 

study shows that PA does not inhibit bone mineralization as does kyn. This result implies 

that PA and kyn have intrinsically different mechanisms of action on bone cells. A potential 

concern is that we only utilized a single concentration of PA for our studies and that bone 

cell-specific effects required a higher PA dose in the study of Vidal et al. (Vidal and others 

2015). Also, our studies were performed in male, rather than female, mice. As reviewed by 

Grant et al. (Grant and others 2009) intraperitoneal PA administration to C57BL/6 mice at 

100 mg/kg showed antitumor activity (Ruffmann and others 1987) and endogenous 

concentrations of PA in human plasma have been reported to be 0.299 μM (Smythe and 

others 2003). The dose utilized for the present study was estimated to be twice the reported 

physiologic level but still less than the lower dose of 1 μM used by Vidal, for which they did 

not observe an osteogenic effect (Vidal and others 2015). Thus, although the PA dose 

selected for use in vivo was based on published literature (Grant and others 2009), these 

studies focused on its neuroprotective effect, which could be different from any potential 

osteoprotective effects. One additional caveat is that in these various studies, comparing the 

actual PA levels is difficult in view of the different modes of administration and conditions. 

Local tryptophan breakdown is related predominantly to IDO1 activity which is in turn 

activated by inflammatory cytokines such as interferon-γ. Our data, however, are consistent 

with increased marrow adiposity being the initial response to inflammation and perhaps with 

even greater inflammation and thus greater PA production, osteogenic protective 

mechanisms may then be activated.

We had previously shown that kyn administration resulted in increased marrow adiposity 

and altered gene expression of the lipid storage genes Cidec and Plin1 in early osteoblastic 

cultures (Refaey and others 2017), which is why they were measured in the present study. 

For the current experiment we used aged mice, but PA still had a similar effect to kyn on 

marrow adiposity. Although this might be a direct effect on BMSC differentiation, our 

experiments did not show any PA effects on mineralization of BMSC in later osteoblastic 

cultures in vitro (alizarin red), in contrast to what we observed with kyn (Refaey and others 

2017). Thus, it seems more likely that PA effects on marrow adiposity are indirect. PA has a 

number of indirect systemic effects one of which is chelation of metal ions like iron, 

chromium and zinc (Michalowska and others 2015). Interestingly, PA’s ability to bind zinc 

has been shown to at least partially contribute to its neuroprotective effect against QA 

toxicity (Jhamandas and others 1998). In a rat ovariectomy model, Li et al. (Li and others 

2015) showed that increased adiponectin secretion and increased marrow adiposity were 

prevented by zinc addition. Thus, PA could potentially increase marrow adiposity through 

zinc chelation. Another potential mechanism for PA effects on bone could be through its 

effect on iron chelation. PA has been shown to inhibit cellular iron uptake, and iron chelation 

under conditions of oxidative stress inhibits osteoclastic activity and increases bone mass 

(Balogh and others 2018; Balogh and others 2016; Chen and others 2015; Guo and others 

2015). In fact, a combination of factors may be involved. PA has been shown to have 

antiproliferative and cytotoxicity-promoting effects on macrophages; PA effects may serve 

to prime the surrounding cells but require a second signal provided by inflammation (e.g., 

interferon gamma) to trigger a response (Varesio and others 1990).
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In conclusion, although tryptophan breakdown results in generation of a number of 

catabolites, these breakdown products may themselves have tissue-specific bioactivity. The 

effects of these catabolites may depend on localization (the sites at which they are generated, 

e.g., central versus peripheral tissues), concentration (which may vary depending on the 

degree of inflammation), duration of exposure (chronic versus acute inflammation) and 

indirect effects (e.g., through chelation of metal ions). Thus, as discussed above determining 

a true “physiological” concentration may be difficult since PA effects are probably site- and 

context-dependent and change over time, making these conditions difficult to reproduce with 

feeding or injection studies. Therapeutically, however, our findings suggest that ultimately it 

would be beneficial to accelerate the conversion of catabolic metabolites such as kynurenine 

to less toxic or beneficial metabolites such as PA.
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Highlights

• Tryptophan oxidation products accumulate with age and inflammation

• Tryptophan breakdown products such as kynurenine result in bone loss

• Picolinic Acid is a breakdown product downstream of kynurenine

• Picolinic Acid administration did not negatively impact bone mass but 

increased marrow adiposity

• Tryptophan metabolites may have varied effects on tissues in which they 

accumulate

Ding et al. Page 10

Exp Gerontol. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: PA had no impact on either body weight or body composition.
Twenty-three-month-old C57BL/6 mice from the NIA aging colony were placed on either a 

low (8%) or standard (18%) protein diet with or without added PA for eight weeks. Body 

weight was measured throughout the eight-week period (Panel A). Body composition was 

measured using the PixiMus densitometer. Dietary PA had no effect on either lean body 

mass (Panel B) or % fat (Panel C). Values are shown for each individual mouse with each 

bar representing the mean ± SD of the 7–9 animals per group.
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Figure 2: PA was not osteoprotective against age-induced bone loss.
Twenty-three-month-old C57BL/6 mice were placed on a low (8%)- or standard (18%)-

protein diet with or without PA for eight weeks. At the end of the two-month period, bone 

density measurements were made on the now 25-month-old mice using a PixiMus 

densitometer. Total bone mineral density was significantly reduced in the mice placed on the 

low-protein diet. However, PA supplementation did not have any additional effect on either 

total bone density (Panel A), spinal bone density (Panel B) or femoral bone density (Panel 

C). Data are presented as mean ± SD; n=7–9 for each group. *=p<0.05
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Figure 3: Bone microarchitecture was not affected by dietary PA supplementation.
Twenty-three-month-old mice were fed the indicated diets for 8 weeks and bone 

microarchitectural parameters of femora monitored ex vivo by μCT after sacrifice. PA did 

not have any significant effect on either the percentage of bone volume/total volume 

(BV/TV in %; Panel A); trabecular thickness (Tb.Th in mm; Panel B); trabecular number 

(Tb.N, per mm; Panel C); or trabecular separation (Tb.Sp, in mm; Panel D). Also shown are 

representative 3-dimensional μCT reconstructions of femora from mice fed the indicated 

diets. Data are presented as mean ± SD; n=7–10 for each diet group.

Ding et al. Page 13

Exp Gerontol. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: PA supplementation increased adipocyte number for mice on the 18% dietary protein.
Tibiae from mice fed the four diets were isolated and the bone marrow analyzed for 

adiposity as described in Methods. (A) Adipocyte size was calculated using adipocyte area 

divided by marrow area. Although there were no significant differences between the groups, 

adipocyte size tended to be larger for those mice on the PA and 18% dietary protein. (B) 

Adipocyte number/area was counted and expressed as number/mm2. Adipocyte number was 

significantly increased in the mice placed on the 18% protein with PA supplementation 

consistent with the results from Panel A. Values represent the mean ± SD of n=5 mice per 

group. (C) BMSCs were isolated from the humerii of animals fed for 8 weeks with the 

specified diets. The expression of the lipid storage genes, Plin1 and Cidec and of Runx2, 

associated with osteoblastic differentiation, was determined by quantitative RT-PCR as 

described in Methods. Values are expressed as means ± SD of n=3.
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Figure 5: PA supplementation had no effect on osteoblastic mineralization.
BMSCs isolated from C57BL/6 humerii were induced to differentiate using osteogenic 

medium, and bone mineralization was determined by alizarin red staining as described in 

Methods. Shown in the left panel are representative wells, and their quantification using 

Photoshop is illustrated in the right panel. BMSC mineralization was significantly lower in 

the mice that received the low-protein diet, but PA had no additional effect. Results are 

representative of at least three separate experiments
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Table 1:

Primers.

Gene Primer

Runx2 GGAAAGGCACTGACTGACCTA Forward

ACAAATTCTAAGCTTGGGAGGA Reverse

Cidec TCCAAGCCCTGGCAAAAGAT Forward

CGGAGCATCTCCTTCACGAT Reverse

Plin1 TGCTGCACGTGGAGAGTAAG Forward

TGGGCTTCTTTGGTGCTGTT Reverse

GAPDH CATGGCCTCCAAGGAGTAAGA Forward

GAGGGAGATGCTCAGTGTTGG Reverse
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