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Context: Osteoporotic fracture is a major public health issue globally. Human
research on the association between amino acids (AAs) and fracture is still
lacking.

Objective: To examine the association between AAs and recent osteoporotic
fractures.

Methods: This age and sex matched incident case-control study identified 44
recent x-ray confirmed fracture cases in the Second Hospital of Jilin University
and 88 community-based healthy controls aged 50+ years. Plasma AAs were
measured by high performance liquid chromatography coupled with mass
spectrometry. After adjusting for covariates (i.e., body mass index, milk intake
>1 time/week, falls and physical activity), we conducted conditional logistical
regression models to test the association between AAs and fracture.

Results: Among cases there were 23 (52.3%) hip fractures and 21 (47.7%) non-hip
fractures. Total, essential, and non-essential AAs were significantly lower in cases
than in controls. In the multivariable conditional logistic regression models, after
adjusting for covariates, each standard deviation increase in the total (odds ratio
[OR]: 0.304; 95% confidence interval [Cl]: 0.117-0.794), essential (OR: 0.408;
95% ClI: 0.181-0.923) and non-essential AAs (OR: 0.290; 95%Cl: 0.107-0.782)
was negatively associated with recent fracture. These inverse associations
were mainly found for hip fracture, rather than non-hip fractures. Among these
AAs, lysine, alanine, arginine, glutamine, histidine and piperamide showed the
significantly negative associations with fracture.

Conclusion: There was a negative relationship between AAs and recent
osteoporotic fracture; such relationship appeared to be more obvious for hip
fracture.
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1 Introduction

Osteoporotic fracture is a major public health problem in China.
The prevalence of vertebral fractures in men and women aged 40years
or above was 10.5 and 9.7%, respectively (1). Complications such as
constipation, stroke, pneumonia and arrhythmias increase after an
osteoporotic fracture (2). The total 5-year mortality rates in fracture
patients are 39% for women and 51% for men (3). In western China, the
mean total costs for hip, vertebral and wrist fractures of the first year
were estimated at RMB 57,585 per patient (approximately 9,140 US
dollars) (4).

Fracture is a major clinical consequence of osteoporosis, a skeletal
disease characterized by decreased bone mass and deteriorated bone
microstructure (5). In both animal and human studies, A As are linked
with bone health. After 9 weeks of feeding arginine supplements, the
femur bone mineral density (BMD) in experimental rats was
significantly higher than in a control group that did not receive the
supplements (6). In humans, higher levels of valine, leucine, isoleucine
and tryptophan were associated with decreased hip BMD decline and
higher BMD (7, 8). Valine, alanine, histidine and tryptophan were
inversely associated with osteoporosis risk (9, 10).

Although there is evidence suggesting a link between AAs and
BMD, few studies have examined the relationship between AAs and
osteoporotic fracture. Lower plasma levels of ornithine, taurine, and
aspartic acid were found in fracture patients when compared with
controls (11). A previous case-control study also showed that the
majority of essential and non-essential amino acids in fracture
patients were significantly lower compared with healthy controls (12).
Further, compared with healed-fracture patients, hypertrophic and
atrophic nonunion patients had significantly lower levels of arginine
and citrulline, respectively (13).

Thus, the aim of the present study was to examine the association
between AAs and recent osteoporotic fractures. Previous research has
shown the beneficial role of AAs for maintaining muscle and kidney
health (14, 15). This research may help to extend our understanding about
the relationship between AAs and bone health including bone healing.

2 Materials and methods
2.1 Study setting and subjects

Similar to our previous study (16), incident cases were confirmed to
be new fractures in the Second Hospital of Jilin University in 2020. Using
the survivor sampling methods, we selected controls from a community-
based generally healthy population who had no history of fracture in
Changchun, Jilin in 2020. Individuals who were 50 years or older and had
never used osteoporosis-related medications were enrolled. We excluded
controls with secondary osteoporosis. Cases with pathological fractures
or incomplete fracture information were excluded. Cases were matched
with controls by age (+4years) and sex in a ratio of 1:2. Based on a pilot
study of 4 fracture cases and 8 controls, and their corresponding total AA
levels (1226.68+301.00 pmol/L in cases and 1446.97+94.57 pmol/L in
controls), to achieve study power>0.80 with a=0.05, we estimated
minimum sample sizes for cases and controls of 11 and 22, respectively.
Written informed consent was obtained from all individual participants.
The study protocol was approved by the institutional review boards (IRBs)
of the School of Public Health, Jilin University (Project #: 2022-02-02).
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2.2 Blood collection and measurement of
amino acids

The blood collection method was described in a previous study
(16). For cases, we collected blood samples within 2days after
hospitalization for fracture, but before any treatment (i.e., fracture
fixation, hip replacement and medications). Blood samples for
controls were collected at the time of interview. The blood samples
were processed and refrigerated at —80°C until tested.

Circular pieces of plasma filter paper were created with a diameter
of 3mm. The metabolites were extracted with ethanol and the
supernatant was extracted after centrifugation. After filtration, the
supernatant was transferred to a 96-well plate. AA metabolite standards
(Cambridge Isotope Laboratory, Tewksbury, MA, United States) and
AA quality control solution were likewise transferred to the 96-well
plate. The 96-well plate was first dried with nitrogen, then cultured with
a 1-butanol acetyl chloride mixture and then dried again with nitrogen.
The test sample was mixed with mobile phase solution (80% acetonitrile
aqueous solution) and detected by high performance liquid
chromatography coupled with mass spectrometry.

All AAs were classified as essential or non-essential. Essential
AAs included leucine, lysine, methionine, phenylalanine, threonine,
tryptophan and valine; non-essential AAs were alanine, asparagine,
aspartic acid, arginine, citrulline, cysteine, glutamine, glutamic
acid, glycine, homocysteine, histidine, ornithine, piperamide,
proline, serine and tyrosine. Aromatic AAs such as phenylalanine,
tyrosine, tryptophan and branched-chain AAs such as leucine and
valine were also considered. Consistent with a previous study (12),
essential, non-essential, aromatic, branched-chain, and total AAs
were summed together for testing their overall effects. We also
calculated AA ratios such as glycine to alanine, methionine to
phenylalanine and valine to phenylalanine to determine the effects
of specific AA catabolism.

2.3 Scertainment of covariates

Consistent with a previous study (16), we included the following
covariates in this study: demographics (sex and age), lifestyle factors (e.g.,
physical activity, smoking status, milk intake >1 time/week and calcium
supplement), postmenopausal status in females, disease history (e.g.,
coronary heart disease, type 2 diabetes, stroke), height loss of more than
3cm after age 40years, falls from standing height or less within the last
12months, family history of osteoporosis and fractures, and body mass
index (BMI). These factors were included because they were major risk
factors for fractures (17, 18). Except for the measured body weight and
height in controls, body weight and height in cases and all the other data
were collected via face-to-face methods using a structured questionnaire.
BMI was computed as weight divided by height® (kg/m?).

2.4 Statistical analysis

We descriptively analyzed the baseline characteristics and AA
levels by fracture status using frequencies, percentages, means and
standard deviations (SD). We conducted multivariable conditional
logistical regression models, which account for matching pairs of
cases and controls, to test the association between AAs and fracture.
AA values that followed a normal distribution, as assessed by
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skewness and kurtosis, were scaled per 1-SD increase. For AA values
that were not normally distributed, values were expressed per 1-SD
increase on the logarithmic scale. We adjusted for BMI, physical
activity, milk intake >1 time/week and falls in the models, because
they showed bivariate associations with fracture at alpha=0.1. Model
fit was assessed by examining R* of AAs associated with fracture
(0.392). Multiple testing was addressed using false discovery rate
(FDR) analysis, which means the proportion of false discoveries (19).
Since homocysteine is suggested to have negative impact on fracture
risk (20), we estimated the association between AAs and fracture after
excluding homocysteine from the analysis. Subgroup analyses by hip
and non-hip fracture were also performed; we used all controls to
increase the study power and adjusted for age, sex, body mass index,
physical activity, smoking, milk intake >1 time/week, calcium
supplement, history of coronary heart disease, type 2 diabetes and
stroke, height loss >3 cm, falls, family history of osteoporosis and
fractures in the unconditional logistic regression models. Lastly,

TABLE 1 Amino acid levels by fracture status.

Fracture cases N =44

Amino acid (pmol/L;

abbreviation)

Controls N = 88

10.3389/fnut.2024.1360959

we tested the association of aromatic and branched-chain AAs and
AA ratios with fracture risk in the conditional logistic regression
models. All conditional regression models were further adjusted for
age and sex to avoid potential collider bias. Descriptive and logistic
regression analyses were performed using the SPSS software (version
24.0; SPSS, Chicago, IL). We used the “MatchIt” and “fdrtool”
packages in the R language (R 4.1.2) to conduct case-control
matching and FDR analyses, respectively.

5 Results
3.1 Descriptive data
In this matched case-control study, we included 88 non-fracture

controls and 44 fracture cases, which involved 23 (52.3%) hip fracture
patients and 21 (47.7%) non-hip fracture patients (Table 1). Most

False discovery rate

Essential amino acid

Lysine (Lys) 105.0+£27.8 123.2+23.0 <0.001 0.003
Methionine (Met) 8.6+1.9 8.8+1.6 0.576 0.611
Tryptophan (Trp) 323+7.8 36.4+7.2 0.004 0.009
Threonine (Thr) 242+73 27.0+6.0 0.022 0.039
Leucine (Leu)* 60.1 (48.6, 68.0) 55.2 (49.3, 64.9) 0.224 0.299
Phenylalanine (Phe)* 28.4(25.0, 32.9) 24.9 (22.6,28.2) 0.001 0.003
Valine (Val)* 85.6 (75.1,98.1) 90.3 (82.2,97.1) 0.277 0.330
Total essential amino acid (EAA)* 348.3 (295.0,396.4) 366.2 (339.8, 394.4) 0.018 0.038
Non-essential amino acid

Alanine (Ala) 106.5+38.2 151.3+35.8 <0.001 0.003
Arginine (Arg) 3224109 429+9.7 <0.001 0.003
Cysteine (Cys) 2.0+0.9 2.0+0.7 0.610 0.611
Glutamine (Gln) 52+14 6.1+1.2 <0.001 0.003
Homocysteine (Hcy) 10.9+0.8 10.7+£0.7 0.169 0.264
Histidine (His) 33.7+8.3 41.8+7.1 <0.001 0.003
Ornithine (Orn) 259+8.1 29.6+8.5 0.020 0.039
Piperamide (Pip) 222.8+59.6 260.7+48.5 <0.001 0.003
Proline (Pro) 162.1+64.8 175.3+53.3 0.215 0.299
Tyrosine (Tyr) 29.8+8.2 31.4+6.7 0.250 0.313
Asparagine (Asn)* 40.8 (37.3,47.2) 39.5(36.4, 44.2) 0.227 0.299
Aspartic acid (Asp)* 6.8 (5.7,7.7) 6.4 (5.6,7.3) 0.611 0.611
Citrulline (Cit)* 12.8 (9.3, 16.7) 16.4 (13.9,19.6) <0.001 0.003
Glutamic acid (Glu) 57.9 (48.8, 68.5) 61.8 (54.3,69.4) 0.091 0.152
Glycine (Gly)* 61.2 (53.0, 76.6) 71.2 (63.1, 89.5) <0.001 0.003
Serine (Ser)* 12.6 (11.5,15.4) 13.4(11.9, 15.1) 0.431 0.490
Total non-essential amino acid (NEAA) 835.7+170.5 974.5+136.3 <0.001 0.003
Total amino acid (TAA) 1180.6+219.1 1344.5+176.8 <0.001 0.003

Amino acid levels following a normal distribution are presented as mean + standard deviation (SD); *non-normally distributed data are presented as median (interquartile range). Bold-faced

values indicate statistically significant at alpha = 0.05.

Frontiers in Nutrition

03

frontiersin.org


https://doi.org/10.3389/fnut.2024.1360959
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Liang et al.

10.3389/fnut.2024.1360959

Amino Acid Odds Ratio False Di Rat
(umol/L; abbreviation) (95% Confidence Interval) P alse Discovery Rate
Essential Amino Acid

Leugine (Leu)* 1.236 (0.705,2.167) 0.459 0.642 I T —

Lysine (Lys) 0.123 (0.025,0.616) 0.011 0.041 —

Methlonlne‘(Met) 0.837 (0.469,1.496) 0.549 0.642 ——

Phenylalanine (Phe)* 1.683 (0.890,3.184) 0.109 0.251 —

Threonine (Thr) 0.788 (0.394,1.578) 0.502 0.642 ——

Tryptophan (Trp) 0.581 (0.318,1.063) 0.078 0.233 —-—

Valine (Val)* 0.692 (0.352,1.361) 0.286 0.470 i

Total essential amino acid (EAA)* 0.408 (0.181,0.923) 0.031 0.090 —.——

Non-essential Amino Acid i

Alanine (Ala) 0.203 (0.066,0.630) 0.006 0.041 -

Asparagine (Asn)* 1.270 (0.757,2.132) 0.366 0.561 e —

Aspartic acid (Asp)* 0.908 (0.491,1.682) 0.760 0.794 — .

Arginine (Arg) 0.209 (0.066,0.659) 0.008 0.041 -

Citrulline (Cit)* 0.535 (0.259,1.106) 0.091 0.233 T

Cysteine (Cys) 1.161 (0.590,2.283) 0.665 0.729 e —

Glutamine (GlIn) 0.123 (0.025,0.616) 0.011 0.041 —

Glutamic acid (Glu)* 0.768 (0.477,1.239) 0.280 0.470 ——T

Glycine (Gly)* 0.503 (0.232,1.092) 0.082 0.233 -

Homocysteine (Hey) 1.520 (0.857,2.695) 0.152 0.291 +—

Histidine (His) 0.824 (0.717,0.946) 0.006 0.041 -

Ornithine (Orn) 0.565 (0.265,1.203) 0.139 0.290 ——

Piperamide (Pip) 0.400 (0.204,0.782) 0.008 0.041 —-—

Proline (Pro) 0.962 (0.502,1.844) 0.908 0.908 —

Serine (Ser)* 1.198 (0.655,2.192) 0.558 0.642 —

Tyrosine (Tyr) 0.828 (0.473,1.449) 0.508 0.078 —-—

Total non-essential amino acid (NEAA)  0.290 (0.107,0.782) 0.014 0.049 —-— i

Total amino acid (TAA) 0.304 (0.117,0.794) 0.015 0.049 —-—

01 05 1 3

FIGURE 1
Multivariable conditional logistic regression analysis of the association between amino acid levels and fracture. *Odds ratio presented per 1-SD increase
on the logarithmic scale; all the other odds ratios are presented per 1-SD increase on the linear scale. Odds ratios were adjusted for body mass index,
physical activity, milk intake >1 time/week and falls.

fractures were due to falls (38.6%) or low-trauma sports injury (38.6%).
As compared with controls, cases had significantly lower physical
activity and milk intake >1 time/week, and a higher prevalence of falls;
other characteristics including age, sex, BMI, smoking, calcium
supplement, history of coronary heart disease, type 2 diabetes and
stroke, height loss >3 cm, family history of osteoporosis and fractures,
were not significantly different between cases and controls. All
descriptive data by fracture status have been published (16).

3.2 Association between AAs and fracture

As shown in Table 1, total, essential and non-essential AAs were
significantly lower in cases than controls. In the multivariable
conditional logistic regression analysis, after adjusting for BMI,
physical activity, milk intake >1 time/week and falls, total (odds
ratio [OR]: 0.304; 95% confidence interval [CI]: 0.117-0.794;
Figure 1), essential (OR: 0.408; 95% CI: 0.181-0.923) and
non-essential AAs (OR: 0.290; 95% CI: 0.107-0.782) were negatively
associated with fracture. Similar results were noted when we further
adjusted for age and sex (Supplementary Figure S1). The FDRs for
total, essential and non-essential AAs were 0.049, 0.09, and 0.049,
respectively. After excluding homocysteine from analysis, the
non-essential (OR: 0.289; 95%CI: 0.107-0.780) and total AAs (OR:
0.304; 95%CI: 0.117-0.793) also showed negative association with
fracture. For the essential AAs, lysine showed the strongest
association with fractures. Among the non-essential AAs, alanine,
arginine, glutamine, histidine and piperamide levels were negatively

Frontiers in Nutrition

associated with fracture. The negative relationship between AAs
and fractures was mainly observed for hip fracture (Figure 2).
Although aromatic and branched-chain AAs showed negative
trends with fracture risk, ORs did not reach statistical significance
(Supplementary Figure S2). The ratio of glycine to alanine was
positively associated with fracture (Figure 3). In contrast, the ratios
of methionine to phenylalanine and valine to phenylalanine were
negatively associated with fracture. Again, these AA ratios had
identical associations with fractures after further adjusting for age
and sex (Supplementary Figure 53).

4 Discussion

In this 1:2 individually matched case-control study, we found that
higher levels of total, essential and non-essential AAs were negatively
associated with osteoporotic fracture. The association was mainly
found for hip fracture, rather than non-hip fracture. Among these
AAs, lysine, alanine, arginine, glutamine, histidine and piperamide
showed the strongest negative associations with fracture. The ratio of
glycine to alanine was positively associated with fracture, while ratios
of methionine to phenylalanine and valine to phenylalanine were
negatively associated with fracture.

There is scant research to date investigating the association
between AAs and osteoporotic fracture. Our study findings partially
agree with a previous study, which found that levels of arginine and
glutamine in men with normal BMD compared to those with
osteopenia/osteoporosis were higher (21). Lysine may promote
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https://doi.org/10.3389/fnut.2024.1360959
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Liang et al. 10.3389/fnut.2024.1360959
A
Amino Acid Odds Ratio .
(umol/L; abbreviation) (95% Confidence Interval) P False Discovery Rate
Essential Amino Acid

Leucine (Leu)* 2.096 (0.891;4.930) 0.090 0.150 _—
Lysine (Lys) 0.109 (0.020;0.588) 0.010 0.057 -

Methionine (Met) 1.261 (0.530;3.000) 0.600 0.624 -

Phenylalanine (Phe)* 1.963 (0.938;4.109) 0.074 0.148 —_——
Threonine (Thr) 0.464 (0.170;1.266) 0.134 0.194 -
Tryptophan (Trp) 0.339 (0.131;0.880) 0.026 0.075 -
Valine (Val)* 0.532(0.188,1.511) 0.252 0.328 -
Total essential amino acid (EAA)* 0.374 (0.122;1.151) 0.087 0.150 -

Non-essential Amino Acid

Alanine (Ala) 0.024 (0.001;0.416) 0.011 0.057 -

Asparagine (Asn)* 1.800 (0.858;3.775) 0.120 0.184

Aspartic acid (Asp)* 1.006 (0.510;1.987) 0.986 0.986 - b

Arginine (Arg) 0.109 (0.023;0.529) 0.006 0.057

Citrulline (Cit)* 0.419 (0.167;1.000) 0.064 0.139 "

Cysteine (Cys) 1.483 (0.636;3.456) 0.361 0.408

Glutamine (GIn) 0.109 (0.020;0.588) 0.010 0.057 -

Glutamic acid (Glu)* 0.708 (0.377;1.331) 0.284 0.352 :

Glycine (Gly)* 0.340 (0.115;1.002) 0.050 0.130 - '

Homocysteine (Hcy) 2.257 (0.970;5.253) 0.059 0.139 i

Histidine (His) 0.771 (0.622;0.955) 0.017 0.062 il

Ornithine (Orn) 0.457 (0.183;1.137) 0.092 0.150 —

Piperamide (Pip) 0.084 (0.014;0.523) 0.008 0.057 - ]

Proline (Pro) 0.440 (0.126;1.542) 0.200 0.274 —

Serine (Ser)* 1.484 (0.643;3.424) 0.355 0.408 - v
Tyrosine (Tyr) 0.702 (0.295;1.668) 0.423 0.458 T

Total non-essential amino acid (NEAA)  0.011 (<0.001,0.483) 0.019 0.062 - :

Total amino acid (TAA) 0.063 (0.007;0.574) 0.014 0.061 — ‘ ‘

01 05 1 2 3
B
Amino Acid Odds Ratio
(Hmol/L; abbreviation) (95% Confidence Interval) P False Discovery Rate
Essential Amino Acid

Leucine (Leu)* 1.404 (0.691;2.853) 0.348 0.566 —
Lysine (Lys) 0.162 (0.043;0.613) 0.007 0.046 -—

Methionine (Met) 0.745 (0.351;1.580) 0.442 0.612 — -

Phenylalanine (Phe)* 1.348 (0.625;2.907) 0.447 0.612 _————
Threonine (Thr) 0.661 (0.287;1.522) 0.331 0.566 —--—

Tryptophan (Trp) 0.853 (0.362;2.007) 0.715 0.845 — -

Valine (Val)* 0.892 (0.392;2.033) 0.786 0.889 —

Total essential amino acid (EAA)* 0.543 (0.220;1.341) 0.186 0.403 -

Non-essential Amino Acid

Alanine (Ala) 0.304 (0.118;0.784) 0.014 0.073 -

Asparagine (Asn)* 1.489 (0.806;2.750) 0.204 0.408 -
Aspartic acid (Asp)* 0.865 (0.424,1.761) 0.689 0.845 _.—3

Arginine (Arg) 0.351 (0.148;0.830) 0.017 0.074 -

Citrulline (Cit)* 0.247 (0.090;0.675) 0.006 0.046 -

Cysteine (Cys) 1.023 (0.500;2.093) 0.951 0.951 B o —
Glutamine (GIn) 0.162 (0.043;0.613) 0.007 0.046 -—

Glutamic acid (Glu)* 0.946 (0.403;2.221) 0.899 0.935 —=

Glycine (Gly)* 0.320 (0.118;0.869) 0.025 0.093 —-—

Homocysteine (Hcy) 1.320 (0.677;2.576) 0.415 0.612 T —
Histidine (His) 0.894 (0.824;0.970) 0.007 0.046 -

Ornithine (Orn) 0.614 (0.305;1.233) 0.170 0.402 —-—

Piperamide (Pip) 0.404 (0.166;0.987) 0.047 0.153 —-—

Proline (Pro) 1.415 (0.723;2.769) 0.311 0.566 ———
Serine (Ser)* 0.799 (0.348;1.835) 0.597 0.776 —-—

Tyrosine (Tyr) 0.941 (0.414;2.138) 0.885 0.935 —

Total non-essential amino acid (NEAA) 0.457 (0.186;1.120) 0.087 0.250 —.—

Total amino acid (TAA) 0.471 (0.194;1.143) 0.096 0.250 —-—

05 1 2 3
FIGURE 2

Multivariable unconditional logistic regression analysis of the association of amino acid levels with hip fracture (A) and non-hip fracture (B). *Odds ratio
presented per 1-SD increase on the logarithmic scale; all the other odds ratios are presented per 1-SD increase on the linear scale. Odds ratios were

adjusted for age, sex, body mass index, physical activity, smoking, milk intake >1 time/week, calcium supplement, history of coronary heart disease,
type 2 diabetes and stroke, height loss >3 cm, falls, family history of osteoporosis and fractures.

bone health through its ability to decrease urinary calcium
excretion and enhance calcium absorption (22). Valine, tyrosine,
and tryptophan levels have positive associations with BMD (10, 23).
Consistent with this, we observed a non-significant inverse

Frontiers in Nutrition

relationship between these AAs and osteoporotic fracture. Higher
serum homocysteine was suggested to be a risk factor for fracture
in postmenopausal women (20); a similar trend was observed in
our study.
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FIGURE 3

Amino Acid Ratio Odds Ratio False Discovery Rate
(umol/L; abbreviation) (95% Confidence Interval) P ry

Arginine(Arg)/Ornithine(Orn) 0.521 (0.260,1.045) 0.066 0.191 -

Citrulline(Cit)/Arginine(Arg)* 1.701 (0.965,2.996) 0.066 0.191 E - &

Glycine(Gly)/Alanine(Ala)* 14.572 (1.259,168.640) 0.032 0.114 >

Methionine(Met)/Leucine(Leu)* 0.683 (0.387,1.205) 0.188 0.317 —.—

Methionine(Met)/Phenylalanine(Phe)* 0.498 (0.264,0.939) 0.031 0.114 —-——

Ornithine(Orn)/Citrulline(Cit)* 1.250 (0.782,2.000) 0.351 0.509 -E—I—

Phenylalanine(Phe)/Tyrosine(Tyr)* 1.566 (0.942,2.602) 0.084 0.191 —

Tyrosine(Tyr)/Citrulline(Cit)* 1.094 (0.733,1.633) 0.660 0.710 -

Valine(Val)/Phenylalanine(Phe) 0.402 (0.178,0.908) 0.028 0.114 —— E

0.1 05 1 15 2 3

Multivariable logistic regression analysis of the association between amino acid ratio and fracture. *Odds ratio presented per 1-SD increase on the
logarithmic scale; all the other odds ratios are presented per 1-SD increase on the linear scale. Odds ratios were adjusted for body mass index, physical
activity, milk intake >1 time/week and falls.

Our findings that higher valine to phenylalanine and lower glycine
to alanine ratios were inversely associated with fracture are supported
by prior research (9) which found that higher plasma levels of valine
and alanine were negatively associated with osteoporosis in women.
Similarly, in the female population, higher glycine levels were
associated with lower BMD (24). Methionine was demonstrated to
enhance osteoblast proliferation, activation, differentiation and BMD
(25, 26), which is in line with our study finding that the ratio of
methionine to phenylalanine is negatively associated with fracture.

Fracture remains a major public health issue. The negative
association between AAs and fractures could have clinical
implications for fracture healing. Significant catabolic response
after fracture surgery has been found in a study, which showed
that the levels of total AAs were lower in new fracture patients as
compared with controls (12). Similarly, compared with healthy
population and healed-fracture patients, the fracture and
hypertrophic/atrophic nonunion patients exhibited lower levels of
certain AAs (11, 13). A two-month human study showed that
essential amino acid supplements could significantly increase the
concentration of serum album (27). Among elderly fracture
patients, higher albumin levels predict greater discharge
Functional Independence Measurement scores (28), which is a
functional status instrument for rehabilitation inpatients (29).
Lower levels of serum albumin were significantly associated with
greater length of stay and in-hospital mortality in institutionalized
patients with hip fracture (30). A randomized controlled trial
demonstrated that after two-months of essential amino acid
supplements, fracture patients with sarcopenia showed significant
improvements in appendicular muscle strength and physical
performance (31). During 20 weeks of feeding foods rich in
arginine and lysine, rats in the test group exhibited better fracture
healing as compared with the control group (32). Several
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mechanisms may account for this beneficial effect. Nitric oxide is
derived from l-arginine (33). Supplements of arginine increase the
synthesis of nitric oxide, which could increase vascularity and
angiogenesis (32). Lastly, I-lysine could stimulate intestinal
absorption and renal conservation of calcium, which is
significantly associated with increased BMD (34, 35).

Some study limitations are acknowledged. Although we found
fracture patients had lower AAs than controls, the specific impact
of fracture and its related factors (i.e., hospitalization, non-weight
bearing and fasting) on AAs are still unclear. Further studies are
warranted to examine this. Although AA profiles may have
predicted reduced bone loss and lower risk of incident fracture
(8), this cannot be tested in our case-control study as we collected
blood samples after fracture occurrence and we cannot make
causal inferences. Another limitation is that our study had a small
sample size. However, based on our sample size calculation, the
sample size is likely to be sufficient for testing the relationship
between AAs and fracture. BMD of participants was not measured;
protein and vitamin D intake levels were also not collected.
However, a study suggested that the relationship between AAs and
fracture risk was independent of diet and lifestyle factors (8).
We did not have data on educational level and marital status in
our study; these two factors are associated with sex and many
conditions, including fractures (36-38). Data on body weight and
height were self-reported. We cannot exclude the potential of
confounding and information bias. Cases were identified from a
hospital and controls were from a community-based population.
Cases and controls were only matched on age and sex. Population
selection and matching on limited factors may bias the reported
results. Lastly, due to small sample size, subgroup results by
fracture site and AA type lack reliability. Future validations
are warranted.
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5 Conclusion

In this matched case-control study, higher levels of AAs were
negatively associated with osteoporotic fracture. This association
appeared to be stronger for hip fracture than non-hip fracture. These
findings, if confirmed by larger prospective studies, may have clinical
implications for fracture healing. These findings extend our
understandings about the beneficial effects of AAs on human health
(i.e., muscle and kidney health) (14, 15).
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