
www.aging-us.com 1 AGING 

INTRODUCTION 
 

Due to trade-offs in life-history traits, lifespan- and 

healthspan-extending laboratory interventions often 

have some deleterious consequences [1, 2]. Identifying 

the mechanisms and causal factors underlying these 

effects provides an opportunity to modify the 

interventions, ward off negative consequences, and 

selectively induce beneficial effects using drugs. Sulfur 
amino acid restriction (SAAR), lowering the dietary 

concentration of sulfur amino acid, methionine (Met), 

and eliminating cysteine (Cys), extends lifespan by up 

to 45% in various laboratory models, including rodents 

[3]. A remarkable metabolic benefit of the SAAR diet in 

rodents is resistance to obesity even on an ad libitum 

high-fat diet (60% Kcal from fat) and a rapid (3–4 

weeks) decrease in body fat in obese mice [4, 5]. 

Concomitant to this robust decrease in peripheral 

adipose depot weights and total fat mass, the SAAR diet 

increases bone marrow adipocytes while decreasing 

bone mineral density and biomechanical strength [6, 7]. 

The mechanisms responsible for these adverse effects 

on bone strength and marrow adipocytes are only 

partially characterized. 
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ABSTRACT 
 

Sulfur amino acid restriction (SAAR), a diet low in methionine and lacking cysteine, reduces obesity but also 
lowers bone mineral density (BMD) and increases marrow adipose tissue. Because the SAAR diet lacks cysteine, 
it exerts cysteine restriction (CysR), in addition to methionine restriction (MetR). We previously reported that 
the anti-obesity effect of the SAAR diet was exclusively due to CysR. Follow-up studies revealed that CysR 
decreases obesity by lowering glutathione (GSH), and that D, L-buthionine-(S, R)-sulfoximine (BSO), an inhibitor 
of GSH biosynthesis, recapitulates the SAAR-induced lean phenotype on a methionine-replete diet. Here, we 
investigated whether the detrimental effects of the SAAR diet on bone are mediated solely by CysR and 
whether BSO, similar to the SAAR diet, exerts deleterious effects. Male obese C57BL6/NTac mice were fed high-
fat diets with 0.86% methionine (control diet, CD), 0.12% methionine (SAAR diet), SAAR diet supplemented 
with a GSH precursor, N-acetylcysteine (NAC) in water, and CD supplemented with BSO in water. Femurs and 
tibiae of SAAR mice had lower trabecular and cortical BMD, fewer osteoblasts, reduced biomechanical strength, 
and more marrow adipocytes than in CD mice. NAC reversed all these effects, suggesting that CysR mediates 
the detrimental effects of the SAAR diet on bone. Despite its anti-obesity effects, BSO did not exert any 
detrimental effects on bones. Future studies should investigate mechanisms, age-at-onset, tissue-specific, and 
gender-specific effects of BSO on bone health. Long-term studies to establish the therapeutic efficacy and off-
target effects of BSO are critical for developing it as an anti-obesity drug in humans. 
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Met and Cys are two proteinogenic sulfur amino acids 

essential for normal health and metabolism. Animal 

cells cannot synthesize Met and thus must obtain it 

through diet, while Cys can be synthesized from Met. 

Due to its dispensable nature, most studies with the 

SAAR diet eliminated Cys from their diet formulations. 

Because Cys is metabolically essential, rodents on the 

SAAR diet synthesize some of it from Met, but cannot 

achieve the same high tissue concentrations as those 

on the control diets [8]. Thus, rodents on the SAAR 

diet undergo both Met restriction (MetR) and Cys 

restriction (CysR). Whether the anti-obesity effects of 

the SAAR diet in mice are due to MetR or CysR 

remained unknown until recently. We just reported that 

eliminating CysR through supplementation with N-

acetylcysteine (NAC), a precursor of Cys, reversed the 

anti-obesity effects of the SAAR diet [9]. This study 

suggests that CysR, but not MetR, is responsible for the 

anti-obesity effects of the SAAR diet. Whether CysR is 

also accountable for the SAAR diet-induced increase in 

marrow adipocyte numbers and decrease in bone 

mineral density (BMD) remains unknown. 

 

Cys is stored in cells as glutathione (GSH), a tripeptide 

of glutamic acid, Cys, and glycine. While it is well-

known for its antioxidant and detoxification roles, GSH 

is essential for multiple other functions, including cell 

signaling [10, 11]. Considerable evidence from the 

literature shows that GSH plays a vital role in bone 

formation [12]. Runx2 is a transcription factor that 

commits skeletal stem cells to the osteoblast lineage. 

Runx2+/− haplo-insufficient mice suffer from impaired 

embryonic bone development [13]. Supplementing these 

mice with NAC, a precursor of Cys and thus of GSH, 

improved bone development [13]. Another study 

reported that the bone loss induced by estrogen 

deficiency in ovariectomized mice was prevented by 

NAC supplementation [14]. These studies provide strong 

evidence for the mechanistic role played by GSH in 

bone formation and development. In animals on the 

SAAR diets, GSH concentrations in the liver and kidney 

- tissues where it is most abundant - are reported to 

decrease to 20% to 69% of the normal levels [9]. In a 

previous study, we demonstrated that pharmacological 

lowering of GSH by using the inhibitor of its 

biosynthesis, D, L-buthionine-(S, R)-sulfoximine (BSO), 

exerts similar anti-obesity effects as the SAAR diet [9]. 

To conduct clinical trials with BSO as an anti-obesity 

intervention, it is essential to determine whether it exerts 

detrimental effects on bone, similar to those observed 

with the SAAR diet. However, no such study has been 

conducted. In this study, we investigated whether NAC 

supplementation reverses the detrimental effects of the 
SAAR diet on bone and whether pharmacological 

inhibition of GSH biosynthesis by BSO recapitulates the 

SAAR diet-induced deleterious impact on bones. 

MATERIALS AND METHODS 
 

Animal husbandry 

 

All animal procedures were conducted according to  

the Institutional Animal Care and Use Committee 

guidelines of the Orentreich Foundation for the 

Advancement of Science Inc. The biological specimens 

required for the current study were collected from the 

same animals used in a recently published study [9];  

no additional animals were used. Animal husbandry, 

dietary formulations, drug concentrations, and 

administration procedures are detailed elsewhere [9]. 

 

Briefly, four groups of 18-week-old male diet-induced 

obese C57BL6/NTac mice (Model No. DIO-B6-M, 

Taconic Biosciences, Germantown, NY, USA) were fed a 

high-fat diet (60% Kcal from fat) with two concentrations 

of Met. The control diet group (CD) received a diet with 

0.86% w/w Met without Cys. The SAAR group received 

a diet with 0.12% w/w Met without Cys. The third group 

(NAC) also received the same diet as the SAAR group, 

but was supplemented with 30 mM NAC in water 

(Catalog No. A9165, Sigma Aldrich, St. Louis, MO, 

USA). The fourth group (BSO) received the same diet as 

the CD group, plus 30 mM BSO (Catalog No. B690250, 

Toronto Research Chemicals Inc., Toronto, ON, Canada) 

dissolved in water, which inhibits GSH biosynthesis. 

After treating mice with diets and drugs for 13 weeks, soft 

tissues and bones were collected. 

 

Preparation of long bones 

 

After isolating and stripping the soft tissue, the left 

tibiae were fixed overnight in 70% ethanol and used for 

micro-computed tomography (micro-CT) analyses. 

Following micro-CT, the same tibiae were prepared for 

histologic analyses using non-decalcified thin sections 

(5 µm) stained with toluidine blue as described 

elsewhere [15]. The right tibiae were fixed in 10% 

neutral-buffered formalin for 24 hours, rinsed in water, 

decalcified in 4% EDTA for 20 days, and used to 

measure bone marrow adipocytes. Left femurs were 

wrapped in phosphate-buffered saline-soaked gauze and 

stored at 4°C for mechanical testing. 

 

Micro-CT 

 

Femurs and tibiae were analyzed by micro-CT using a 

Scanco micro-CT-35 (Scanco Medical; Bruttisellen, 

Switzerland) at a maximum voxel size of 10 µm, an 

integration time of 500 ms, and an energy of 55 kVp. 

Reconstructions of the micro-CT data were generated 

with AltaViewer software, version 1.1.2 (Numira 

Biosciences; Salt Lake City, UT, USA). Trabecular 

bone measurements include bone volume (BV, mm3), 
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total volume (TV, mm3), BV/TV, connective density 

(Conn-dens, 1/mm3), trabecular number (Tb.N, 1/mm), 

trabecular spacing (Tb.Sp, mm), and trabecular 

thickness (Tb.Th, mm). Cortical bone measurements 

include cortical thickness (Ct.Th, mm), endosteal radius 

(mm), periosteal radius (mm), endosteal circumference 

(mm), periosteal circumference (mm), and polar 

moment of inertia (pMOI, mm4). 

 

Histomorphometry 

 

Static histomorphometry was performed on left tibiae, as 

previously described [15]. Briefly, microscopic analysis 

of static parameters was performed using an Olympus 

microscope and the Osteomeasure system (Osteometrics; 

Atlanta, GA, USA). Calculations of various parameters 

were based on the methods of Parfitt et al. [16]. All 

parameters were measured on trabecular bone beginning 

just under the growth plate in the primary spongiosa, 

excluding endosteal surfaces. The field size was 350 µm, 

and the area measured under the growth plate extended to 

700 µm, where most of the trabecular bone is located. 

 

Measurement of marrow adipocytes 

 

Formalin-fixed, decalcified tibiae were stained for neutral 

lipids using a 1:1 mixture of 2% aqueous osmium 

tetroxide and 5% potassium dichromate for 48 hours, as 

previously described [17]. Bones were then washed in tap 

water and imaged by micro-CT in water with an energy 

of 55 kVp, an integration time of 500 ms, and a 

maximum voxel size of 10 µm (i.e., the “high” resolution 

setting on a Scanco microCT-35 instrument). The 

selection of volumes of interest (VOIs) was performed to 

facilitate the visualization and quantification of marrow 

adipocytes. The results are presented as volumetric 

measurements, similar to the volumetric bone measure-

ment, bone volume/total volume (BV/TV). 

 

Biomechanical testing 

 

Femurs were loaded to failure using a four-point 

bending test. Tests were conducted by loading the 

femur in the anterior–posterior orientation, such that the 

posterior quadrant was subjected to tensile loads. The 

widths of the upper and lower supports of the four-point 

bending apparatus were 3 and 7 mm, respectively. Tests 

were conducted with a deflection rate of 0.05 mm/sec 

using a servohydraulic Instron model 8874 testing 

machine (Instron Corp.; Norwood, MA, USA). The load 

and mid-span deflection measurements were acquired at 

a sampling frequency of 200 Hz. Load deflection curves 

were analyzed for stiffness, maximum load, and total 
work to fracture. Yield was defined as a 10% reduction 

in the secant stiffness relative to the initial tangent 

stiffness and used to determine the post-yield deflection, 

which was defined as the deflection at failure minus the 

deflection at yield. Tests were performed at room 

temperature, and bones were kept moist with PBS. 

 

Osteocalcin quantification 

 

Plasma osteocalcin concentrations were quantified 

using an ELISA kit from Novus Biologicals (Catalog 

No: NBP2-68151) following the manufacturer’s 

recommendations. 

 

Statistical analysis 

 

GraphPad Prism was used for statistical analysis. All data 

were first analyzed using a one-way analysis of variance, 

followed by a post-hoc test (Tukey’s multiple comparison 

test) to find pair-wise differences. Occasionally, a two-

tailed Student’s t-test was used if the differences in the 

means of two groups were greater than 25% and the 

Tukey’s test failed to detect these differences. We 

employed this approach to provide the reader with more 

information, and P-values from both Tukey’s test (n.s., 

not significant) and t-tests (#) were included in the figures. 

Pair-wise differences were considered statistically 

significant if P < 0.05 and were reported by asterisks  

(* for P ≤ 0.05, ** for P ≤ 0.01, *** for P ≤ 0.001, and **** 

for P ≤ 0.0001). The sample size was six to seven per 

group. Although pairwise comparisons were performed 

between all groups, only four comparisons relevant to our 

hypothesis are shown in the figures (CD vs. SAAR, CD 

vs. NAC, CD vs. BSO, and SAAR vs. NAC). 

 

RESULTS 
 

NAC reverses the SAAR diet-induced changes in 

body composition 

 

It has been reported that Cys supplementation reverses 

SAAR diet-induced effects, including changes in plasma 

hormone concentrations (IGF-1, FGF-21, leptin, and 

adiponectin), a decrease in body weights, and epididymal 

adipose depot weights in rodents fed diets with normal fat 

content; it was unknown whether the same effects could be 

recapitulated by feeding a high-fat diet [18, 19]. Similar 

body weights (Supplementary Figure 1A) and total fat 

mass (Supplementary Figure 1B) without loss of lean mass 

(Supplementary Figure 1C) between the CD and NAC 

groups demonstrate that the reversal occurs when feeding 

on a high-fat diet too (Supplementary Figure 1). Although 

the effects of BSO on body weights, total fat mass 

(Supplementary Figure 1B), and epididymal adipose depot 

weights (Supplementary Figure 1D) were not as 

pronounced as the changes induced by the SAAR diet, 

they were in the same direction. But unlike the SAAR diet, 

BSO did not decrease lean mass (Supplementary Figure 

1C). These data indicate that CysR, but not MetR, is 
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causally associated with the anti-obesity effects of the 

SAAR diet (Supplementary Figure 1). 

 

Unlike the SAAR diet, BSO does not decrease 

trabecular and cortical bone mineral density 

 

Two factors determine bone strength: bone mineral 

content (also known as bone mineral density) and bone 

microarchitecture, which refers to the physical 

arrangement of the material in cortical bone and the 

arrangement and density of the trabecular struts (rods 

and plates) at the microscopic level. Mice on the SAAR 

diet had less trabecular bone than those on the CD diet 

(Figure 1A). Several measures of trabecular bone, 

including the ratio of bone volume to total volume 

(BV/TV, Figure 1B, 44% of CD, P < 0.001), 

 

 
 

Figure 1. Unlike the SAAR diet, BSO does not decrease trabecular bone mineral density. (A) Representative images of the micro-

CT scanning of trabecular bone in tibiae show that the SAAR diet lowered multiple measures of trabecular bone density, including (B) the 
ratio of bone volume to total volume (SAAR < CD), (C) connectivity density (SAAR < CD), and (D) trabecular number (SAAR < CD). However, 
the SAAR diet increased the (E) trabecular space (SAAR > CD) but did not affect (F) trabecular thickness (SAAR = CD). As we hypothesized, 
NAC reversed all the SAAR-induced changes to the levels observed in the CD group, while BSO did not affect any of these parameters (SAAR 
< [CD = NAC] in figures B, C and D; SAAR > [NAC = CD] in figure E). Note: One-way ANOVA followed by Tukey’s multiple comparison tests 
was used to find group-wise differences (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; bars and error bars represent means and 
standard errors of the mean; n = 7/group). 
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connectivity density (Figure 1C, 20% of CD, P < 

0.001), and trabecular number (Figure 1D, 71% of CD, 

P < 0.001) were lower in the SAAR mice. Trabecular 

space, which is inversely associated with trabecular 

number, was higher in the SAAR mice (Figure 1E, 

141% of CD, P < 0.0001). NAC reversed all these 

indicators to the levels observed in the CD mice; 

importantly, BSO had no effect. Trabecular thickness 

was similar in all groups (Figure 1F). 

 

The cortical thickness of femurs in mice on the SAAR 

diet was 84% of that in the CD mice (Figure 2A, 2B,  

P < 0.0001), while the periosteal radius was 134% 

(Figure 2C, P < 0.05). However, in NAC mice, the 

thickness and radius were similar to those in the CD 

mice, indicating that the underlying cause of the 

detrimental effects of the SAAR diet on the bone is 

CysR, and not MetR. None of the three interventions, 

i.e., SAAR, NAC, and BSO, changed the endosteal 

radius and bone tissue density (Figure 2D, 2E). 

 

BSO did not affect osteoblast and osteoclast 

numbers, while the SAAR diet decreased both 

 

A previous study in mice reported that the SAAR diet 

decreases bone mass and bone strength, along with a 

decrease in osteoblast proliferation [6]. The data from 

the current study on the effects of the SAAR diet on 

bone biomechanical strength and bone mass are 

consistent with those from the previous study [6]. In 

addition, we demonstrate that CysR mediates these 

undesired effects, but not MetR; the numbers of 

osteoblasts and osteoclasts in CD and NAC were 

similar. We quantified osteoblasts and osteoclasts using 

histomorphometry (Figure 3A). 5-micron thin sections 

were cut from fixed, non-decalcified plastic-embedded 

 

 
 

Figure 2. Unlike the SAAR diet, BSO does not decrease cortical bone mineral density. Images of cortical cross-sections are shown 

in (A). Similar to its effect on the trabecular bone, the SAAR diet (B) decreased cortical thickness (SAAR < CD) and (C) increased periosteal 
radius (SAAR > CD), indicating a decrease in cortical bone density. However, the SAAR diet did not affect (D) endosteal radius (SAAR = CD) 
and (E) bone tissue density (SAAR = CD). NAC, as expected, reversed the decrease in cortical thickness (SAAR < [CD = NAC] in figure B) but 
did not affect other measures. BSO did not exert any effects at all (CD = BSO). Note: Sample sizes and statistical methods are similar to 
those in Figure 1. 
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tibia and stained with toluidine blue. As can be seen 

in the control bones (CD), a large number of mature 

osteoblasts (dark blue-stained cells, indicated by red 

arrowheads) are in close juxtaposition to the bone 

surface. Quantified data show that the number of 

osteoblasts in SAAR mice was 31% of that in CD 

mice (Figure 3B, P = 0.0001). Notably, NAC reversed 

this decrease, as evidenced by an osteoblast 

frequency, which was 86% of that in CD mice (Figure 

3B, P > 0.05). Osteocalcin is a well-recognized 

circulating marker of bone formation that reflects 

osteoblast activity. The mean plasma osteocalcin 

concentration was slightly lower (82%) in the SAAR 

group compared to the CD group, but it was not 

statistically significant (Supplementary Figure 2). In 

the NAC group, osteocalcin concentrations were 

189% of those in the SAAR group, indicating the 

ability of NAC to reverse the effects of the SAAR diet 

despite MetR (P = 0.02). Osteocalcin concentrations 

in the BSO group did not differ from those in any 

other group (Supplementary Figure 2). The SAAR 

diet also decreased the number of osteoclasts (52% of 

CD; P2t = 0.01; P-value from post-hoc analysis was 

0.068), but its effect was milder than the effect on 

osteoblasts (Figure 3C). NAC also tended to reverse 

the SAAR-diet-induced decrease in osteoclast 

number, lowering it to 72% of that in the CD mice 

(Figure 3C, P = 0.43). BSO did not affect osteoblast 

and osteoclast numbers. 

 

The changes induced by the SAAR diet and NAC in 

osteoid thickness paralleled the changes they caused in 

osteoblast abundance (Figure 3D). In SAAR mice, the 

osteoid thickness was 66% of that in the CD mice 

 

 
 

Figure 3. The SAAR diet and BSO exert opposing effects on osteoblast number. Photomicrographs of the proximal tibia (40X 

magnification) showing osteoblasts on bone surfaces (red arrowheads), osteoid (yellow arrowheads), and bone marrow adipocytes (green 
circles in the adipocytes) are shown in (A). Consistent with the changes in bone mineral density, the SAAR diet decreased the number of (B) 
osteoblasts (SAAR < CD) and (C) osteoclasts (SAAR < CD). NAC reversed the effects of the SAAR diet on osteoblasts (SAAR < [CD = NAC]) but 
not on osteoclasts (SAAR = NAC = CD). The SAAR diet also decreased (D) osteoid thickness and (E) osteoid volume; NAC reversed both. BSO 
did not affect any of these measures. Note: Sample sizes and statistical methods are similar to those in Figure 1. 
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(P = 0.003), while in the NAC mice, it was 85% (Figure 

3D). In CD mice, the prominent seam of osteoid (light 

blue staining, yellow arrowheads in Figure 3A) secreted 

onto the bone surfaces indicates that osteoblasts are 

active. A strikingly different picture is seen from the 

bones of the SAAR-fed mice. Few osteoblasts and little 

osteoid is seen on bone surfaces, especially when 

marrow adipocytes (green circles) are close to bone 

surfaces. In contrast, similar to those in the CD mice, 

NAC mice had a higher number of osteoblasts and more 

osteoid on bone surfaces. These changes indicate that 

NAC corrected the loss of osteoblasts and osteoid 

volume caused by SAAR (Figure 3A, 3B, 3E). 

Histologically, the BSO mice were not different from 

the CD mice. 

 

Mice on BSO had bones with similar mechanical 

strength to those on the control diet 

 

In the SAAR mice, indicators of bone strength, 

including femur stiffness and maximum load, were 64% 

and 70% of those in the CD group (Figure 4A, 4B). 

Feeding mice the same SAAR diet, while 

supplementing NAC in their water, reversed these 

values to those observed in mice on the CD diet. Of 

note, although neither the SAAR diet nor BSO had 

significant effects on the total work, compared to CD, 

the direction of the change was opposite, i.e., in the 

SAAR group, the average total work tended to be lower, 

while in the BSO group it tended to be higher (Figure 

4C). An unpaired two-tailed t-test between the SAAR 

diet and BSO indicates a significant difference between 

the two groups (P2t = 0.004). 

 

Post-yield deflection was similar among the CD, the 

SAAR diet, and the NAC groups (Figure 4D). The 

BSO group tended to have higher post-yield deflection 

than all three groups. While no differences were 

observed in post-hoc group-wise comparisons, t-tests 

revealed that the BSO group was statistically different 

from both the CD (P2t = 0.02) and the SAAR (P2t = 

0.01) groups. 

 

 
 

Figure 4. Mice on the BSO had bones with similar mechanical strength to those on the control diet. The SAAR diet decreased 

(A) stiffness (SAAR < CD) and (B) maximum load (SAAR < CD), while NAC reversed both effects (SAAR < [CD = NAC]). Neither the SAAR diet 
nor NAC affected (C) total work (SAAR = CD = NAC) and (D) post-yield deflection (SAAR = CD = NAC). BSO did not affect any measure of 
mechanical strength at all (CD = BSO). Note: Sample sizes and statistical methods are similar to those in Figure 1. 
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The SAAR diet, but not BSO, increases marrow 

adipocytes 

 

Unlike its effects on other body fat depots, the SAAR 

diet increases bone marrow adipogenesis [6]. To 

investigate the effects of NAC and BSO sup-

plementation on marrow adipocytes, micro-CT analysis 

of decalcified and osmium-stained tibiae was 

conducted. Marrow adipocytes were quantified at four 

volumes of interest (epiphyseal [above the growth plate, 

VOI-1], proximal metaphysis [just below the growth 

plate, VOI-2], diaphysis [VOI-3], and distal diaphysis 

[VOI-4], Figure 5A). VOI-2 and VOI-4 in the SAAR 

group were 253% (P = 0.007) and 270% (P = 0.02) of 

CD, respectively (Figure 5B, 5D). Although VOI-1 

(123% of CD, P = 0.62) and VOI-3 (187% of CD, P = 

0.15) were higher in SAAR than CD, the differences 

were not statistically significant (Figure 5C, data for 

VOI-1 are not shown). A previous study reported a 

robust increase in the marrow adipocytes in all VOIs by 

the SAAR diet [7]. Differences in the experimental 

design, including the age at which the intervention was 

started (five weeks versus eighteen weeks), strain of the 

mice (C56BL6/J and C56BL6/NTac), and dietary fat 

content (10% Kcal from fat versus 60% Kcal from fat; 

dietary fat content in the previous study is inferred from 

the body weights) might contribute to these differences. 

 

Despite feeding on the SAAR diet, marrow adipocyte 

numbers at all VOIs of mice in the NAC group were 

similar to those in the CD group, suggesting that CysR 

mediates the effects of the SAAR diet on marrow 

adipocytes, but not MetR (Figure 5). Although BSO 

was able to decrease the total body fat and epididymal 

fat weights, it did not exert any appreciable effects 

on marrow adipocytes (Figure 5 and Supplementary 

Figure 1). 
 

DISCUSSION 
 

Multiple studies have shown that the lifespan- and 

healthspan-extending SAAR diet exerts detrimental 

effects on bone health; however, the underlying 

mechanisms remain unclear [6, 7, 20]. Due to the lack

 

 
 

Figure 5. The SAAR diet, but not BSO, increases marrow adipocytes in tibiae. Micro-CT (first row) and photomicrographs (second 
row) of osmium-stained images of tibiae are shown in (A). Compared with the CD, the SAAR diet increased marrow adipocytes at volumes 
of interest 2 and 4, but not at volume of interest 3 (B–D, SAAR > CD). NAC reversed the increase in SAAR at all volumes of interest (B–D, 
SAAR > [CD = NAC]), while BSO had no effect (CD = BSO). Sample sizes and statistical methods are similar to those in Figure 1. Note: Volume 
of interest-1 is not shown in the figure. 

89



www.aging-us.com 9 AGING 

of Cys in the SAAR diet, animals undergo CysR  

in addition to MetR. We previously reported that  

the SAAR diet-induced changes in the plasma 

concentrations of IGF-1, FGF-21, leptin, and 

adiponectin are exclusively associated with either MetR 

or CysR [18]. In a follow-up study, we demonstrated 

that the anti-obesity effect of the SAAR diet was solely 

due to CysR; the SAAR diet lost its anti-obesity effect 

when CysR was eliminated by supplementing NAC [9]. 

In the current study, we investigated whether CysR is 

specifically associated with the detrimental effects of 

the SAAR diet on bone health. Data indicate that the 

SAAR diet-induced increase in marrow adipocytes, as 

well as the decreases in bone mineral density, 

mechanical strength, and the number of osteoblasts and 

osteoclasts, are all due to CysR, but not MetR. This 

finding has substantial implications for understanding 

the regulation of bone health by nutrients, particularly 

the effects of the sulfur-containing amino acids Met and 

Cys. Our data also suggest that, similar to the SAAR 

diet, non-toxic doses of BSO exert anti-adiposity effects 

without any adverse effects on bone health. Given the 

challenges associated with the long-term adherence to 

and formulation of the SAAR diet for human 

consumption, the selective effects of BSO on adipose 

metabolism make it a potential alternative. 

 

Osteoblasts and marrow adipocytes arise from a 

common skeletal progenitor cell(s) in the bone marrow 

[21, 22]. Changes in the differentiation pathway of these 

cells can have a reciprocal relationship with their 

numbers. Thus, an increase in marrow adipocytes leads 

to a decrease in osteoblasts, resulting in a concomitant 

decrease in BMD and bone strength. Our data show that 

SAAR induces a marked increase in marrow 

adipogenesis, which is accompanied by a loss of BMD. 

Importantly, treatment of the SAAR mice with NAC 

prevents the increase in marrow adipogenesis 

throughout the medullary canals in tibiae and femurs. 

This inhibition of SAAR-induced marrow adipogenesis 

was accompanied by an increase in the number of 

osteoblasts, an increase in BMD, and an increase in 

bone strength. Overall, our study provides unequivocal 

evidence that it is CysR, not MetR, which mediates the 

detrimental effects of the SAAR diet on bone. 

 

There is substantial evidence for the role of NAC in 

bone health. By altering Wnt5a and Ppar-γ expression, 

NAC favored the differentiation of bone marrow 

stromal cells into osteoblasts while simultaneously 

inhibiting their differentiation into adipogenic cells 

[23]. Other studies report that NAC attenuates osteo-

clast differentiation, induces osteoblast differentiation, 
and increases mineralization of bone matrix [24, 25]. 

These data are consistent with our findings of an increase 

in the number of osteoblasts in the NAC group compared 

to the SAAR group (Figure 3B). The functional 

consequences of increased osteoblast number were also 

evident, as NAC mice had higher bone mineral density 

and mechanical strength than SAAR mice (Figures 1, 2 

and 4). However, the mechanistic effects of NAC on 

marrow adipocytes have not been studied well. One in 
vitro study reported that NAC decreases the 

accumulation of triglycerides and increases β-oxidation 

in bone marrow adipocytes [26]. While we did not 

quantify the bone marrow triglyceride concentrations, 

we speculate that NAC might be inducing similar 

changes in our study. Our observation of fewer 

marrow adipocytes in the NAC group than in the 

SAAR group aligns well with the effects of NAC on 

triglycerides and β-oxidation reported in other studies 

(Figure 5). 

 

NAC can affect bone health through its own 

biochemical properties or by replenishing cysteine and 

glutathione in tissues. Cys- and GSH-dependent 

mechanisms include regulation of Scd-1 expression, 

modulation of cellular antioxidant capacity, and the 

effects on body weight. Studies show that NAC, by 

increasing plasma Cys, reversed the SAAR diet-induced 

increase in Scd-1 expression in white adipose tissue 

[27]. Although we did not quantify Scd-1 expression, 

considering its contribution to osteoblast growth, a 

similar reversal remains a potential mechanism [28, 29]. 

Optimal GSH concentrations, required to prevent 

oxidative stress, are essential for maintaining the 

balance between osteoblasts and osteoclasts [30, 31]. 

Both animal and human studies highlight the role of 

mechanical load imposed by increased body weight in 

maintaining bone health, with some linking higher 

plasma Cys levels to increased bone mineral density 

through an increase in fat mass [32–35]. In our study, 

SAAR mice lost 40% of their total body weight and 

75% of their fat mass within four weeks, whereas those 

on NAC continued to gain weight (Supplementary 

Figure 1A, 1B). Such rapid weight loss, which also 

occurs in bariatric surgery and caloric restriction, can 

weaken bones. The lack of weight loss and the 

continued mechanical load on bones might contribute to 

the effects of NAC on bone [32, 34, 36]. 

 

NAC could directly affect bone health through its 

antioxidant function and ability to reduce disulfide 

bonds. Limited evidence suggests that NAC per se can 

exert antioxidant effects, as it can scavenge particular 

reactive oxygen species and aldehydes, potentially 

altering the osteoblast-to-osteoclast balance [37, 38]. 

The antioxidant function of NAC is highly relevant in 

the current study, as all mice were fed a high-fat diet, a 
significant source of reactive oxygen species. A high-fat 

diet was demonstrated to decrease the abundance of 

pluripotent lin−/c-Kit+ cells in bone marrow [39].  
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This effect was reversed by either the overexpression of 

antioxidant enzymes, including superoxide dismutase  

1 and 3, and glutathione peroxidase, or by NAC 

supplementation, strongly suggesting that a high-fat diet 

affects osteoblast numbers [24, 25, 39]. Thus, whether 

supplementing the SAAR diet with NAC on a 10% fat 

diet would yield similar findings as in the current study 

should be investigated in future studies. Because NAC 

is a stronger nucleophile than Cys and GSH, it is a more 

potent disulfide bond reductant [37]. Functionality of 

many molecules associated with bone formation and 

modeling, including osteoprotegerin, RANKL, and 

procollagen, is susceptible to disulfide bond reduction 

[40–42]. While additional studies are required to 

confirm which of these mechanisms play a causal role, 

determining this will be challenging. 

 

In the parent study, to determine if CysR mediates the 

anti-obesity phenotype of the SAAR diet by lowering 

GSH levels, we included a BSO group. We reported a 

potent anti-adiposity effect of BSO on epididymal fat 

mass, total body fat mass, and liver lipid droplet 

frequency, all of which were significantly lower than 

those in the CD group [9]. Despite such strong effects, 

unlike the SAAR diet, BSO did not induce any 

detrimental effects on bone (Figures 1–5). 

 

The lack of an effect of BSO on bone health is 

intriguing from a mechanistic perspective. One previous 

study reported the anti-adiposity effects of BSO in 

C3H/HeH mice but did not present any data on bone 

health [43]. However, this study reported tissue-specific 

effects of BSO on Cys and GSH concentrations. We 

observed similar tissue-specific effects in our parent 

study, a plausible reason for the lack of effects on bone 

[9]. Although BSO was very effective in decreasing 

hepatic and renal GSH in our parent study, the decrease 

in renal GSH was much higher (39% of CD) than in 

hepatic GSH (60% of CD) [9]. BSO might exert even 

milder effects on the GSH in bone marrow than in the 

liver. One previous study shows that bone marrow was 

the most resistant tissue to GSH depletion by BSO [44]. 

Another study reported a biphasic effect of BSO on the 

in vitro differentiation of osteoclast-like RAW cells. 

BSO increased the differentiation of these cells at 

concentrations ranging from 1 µM to 3 µM, whereas it 

had the opposite effect at concentrations from 3 µM to 

20 µM [24]. Our data show no significant effect of BSO 

on osteoclast number, probably due to unaltered bone 

marrow GSH. Other studies report that osteoclast 

proliferation depends not only on total GSH levels, but 

also on the ratio of oxidized-to-reduced GSH, which 

can be altered by dietary fat content [45, 46]. Due to the 
lack of data on the total levels and the ratio of oxidized-

to-reduced GSH in the bone marrow, we cannot 

determine a specific reason for the lack of effect of BSO 

on the bones. Additional studies are required to draw 

such conclusions. 

 

One valid concern regarding the use of BSO as a 

therapeutic agent is its toxicity and oxidative stress as a 

result of severe GSH depletion. We earlier reported that 

when used at appropriate concentrations, BSO improved 

health in mice without exerting toxicity. When 

administered in water at 15 mM with ad libitum access, 

BSO improved glucose tolerance in Akita mice, which 

are prone to type-1b diabetes [47]. We also reported the 

anti-obesity effect of BSO in mice on a 60% Kcal fat 

diet, when administered in water at 30 mM [9]. In either 

of these studies, BSO did not increase plasma markers of 

either liver damage or kidney damage, including 

aspartate transaminase, alanine transaminase, and 

cystatin-C. There is also growing evidence that excess 

GSH concentrations induce reductive stress, eventually 

leading to metabolic diseases and cancers [48, 49]. 

Limiting GSH synthesis in genetically modified mice 

has also been reported to ameliorate triglyceride 

synthesis without inducing hepatic failure [50]. Based on 

these data, we propose that careful consideration of low-

dose BSO to inhibit GSH biosynthesis in targeted organs 

and specific health conditions might aid in improving 

human health. However, except for its use in cancers, 

data on the clinical use of BSO are limited. When used 

in combination with chemotherapy and radiotherapy, 

preclinical and clinical studies show that BSO was 

synergistic against cancers [51–56]. Long-term 

preclinical studies are necessary to understand the off-

target effects on organs susceptible to oxidative stress, 

including the brain, and to investigate any sexually 

dimorphic effects, to establish the safety of BSO as a 

therapeutic agent. We are not aware of whether clinical-

grade BSO is commercially available. However, 

previous studies in humans mentioned the use of 

clinical-grade BSO, provided by the National Cancer 

Institute, indicating that manufacturing clinical-grade 

BSO is feasible [51, 54–56]. 

 

Our understanding of the dietary regulation of bone 

health in the context of micronutrient deficiencies, such 

as calcium, vitamins A and D, and macronutrient 

deficiencies, including protein, has steadily improved 

over the decades [57–59]. New dietary patterns, 

including caloric restriction, SAAR, ketogenic diets, 

and time-restricted eating, are being investigated for 

their potential to extend lifespan and healthspan in 

laboratory models. Although a few clinical studies have 

been conducted with some of these diets, long-term 

studies are relatively rare. Preclinical studies, however, 

suggest that the effect of these diets on bone health is 
variable, with most of the studies reporting deleterious 

effects and a few reporting a modest benefit or no effect 

at all [7, 22, 60–64]. Identifying avenues to avoid the 
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adverse effects on bone is essential for successfully 

translating these interventions. For instance, metformin 

was reported to attenuate the adverse effects caused by 

the ketogenic diet on bone, suggesting that the 

combinatorial intervention might be more efficacious 

[65]. In a previous study, we reported that a modified 

SAAR regimen, which involves feeding a control diet 

for four days a week and a Met-free diet (0% Met)  

for three days a week, was less deleterious to bones 

while providing the same healthspan extension 

benefits as the continuous regimen [6]. From a 

translational perspective, formulating Met-free diets 

for human consumption would be challenging. BSO 

supplementation, without altering dietary formulations 

or regimens, offers a more practical way to achieve the 

same benefits as the SAAR diet without the associated 

adverse effects on bones. Alternatively, a pharmaco-

dietary approach, i.e., combining the SAAR diet 

intervention with BSO treatment, might be more 

efficacious. The ability of the BSO to prevent weight 

gain without negatively impacting bones, along with the 

SAAR diet’s capacity to induce a lean phenotype in 

obese mice despite its adverse effect on bones, suggests 

that these two interventions might activate unique 

mechanisms, indicating a potential synergism between 

them. If these two interventions synergize, simultaneous 

treatment with BSO at a dose lower than 30 mM, 

combined with feeding a modified version of the SAAR 

diet with total sulfur amino acid concentrations between 

0.12% and 0.86%, would minimize the toxicity of BSO 

and the negative impact of the SAAR diet on bones. 

 

We recognize that our study has some limitations. It has 

yet to be determined whether BSO would exert the 

same benefits on body composition and bone health in 

female mice as in male mice. The availability of more 

literature on using BSO in males compared to females 

prompted us to conduct our studies in males. A few 

published papers, however, report that female mice are 

more sensitive to BSO than males [66]. We are 

conducting comparative studies in males and females to 

find an effective therapeutic dose in females. Because 

the primary objective of our parent study was to 

investigate whether BSO exerts anti-obesity effects, we 

formulated our diets with 60% of calories from fat. 

Considering that high-fat diets induce marrow 

adipogenesis, additional studies are required to confirm 

similar effects of BSO in mice on diets with normal fat 

content [67]. While we collected as much data as 

possible to test our hypothesis, biochemical data from 

the bone marrow, such as GSH and Cys levels, the 

expression of genes associated with proliferation, and 

the activities of osteoblasts and osteoclasts, would have 
helped gain more mechanistic insights. Overall, our 

study provides the first evidence for the role of CysR in 

the SAAR diet-induced adverse effects on bone health, 

and that BSO induces beneficial changes in body 

composition without any adverse effects on bones. 

These data lay the foundation for interdisciplinary 

studies in nutrition, aging, and orthopedics. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 
 

Supplementary Figure 1. Similar to the SAAR diet, BSO exerts anti-adiposity effects in mice on a high-fat diet. Compared to 

the CD, the SAAR diet decreased total body weight (A), fat mass (B), lean mass (C), and epididymal fat mass (D), i.e., SAAR < CD. NAC, 
reversed all these changes (A–D, SAAR < [CD = NAC]). Despite feeding on a high-fat diet replete with sulfur amino acids, mice in the BSO 
group had lower total body weight (A), fat mass (B), lean mass (C), and epididymal fat depot mass (D) than the CD mice, i.e., BSO < CD. 
Note: Sample sizes and statistical methods are similar to those in Figure 1. Bars and error bars represent means and standard errors of the 
mean. CD growth curves are invisible as NAC growth curves overlay them. The data were adapted from a previous publication that used the 
same animals as in the current study. 
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Supplementary Figure 2. NAC supplementation increases plasma osteocalcin concentrations. Mice on the SAAR diet had slightly 

lower concentrations of plasma osteocalcin than those on the CD diet (P > 0.05). NAC mice, despite feeding on the SAAR diet, had higher 
plasma osteocalcin concentrations (SAAR < NAC, P < 0.05). Note: Sample sizes and statistical methods are similar to those in Figure 1. Bars 
and error bars represent means and standard errors of the mean. CD growth curves are invisible as NAC growth curves overlay them. The 
data were adapted from a previous publication that used the same animals as in the current study. 
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