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Abstract
Liver metabolism is strongly linked to bone metabolism, and a significant correlation between nonalcoholic fatty liver diseg
(NAFLD) and bone mineral density (BMD) in adults has been demonstrated. However, the current relationship between NAFLD
and BMD in the adolescent population remains controversial. The purpose of this study was to investigate the specific relationship
between NAFLD and BMD in adolescents aged 12 to 19 years in the United States.

The quantitative relationship between NAFLD and total BMD was investigated using multivariate logistic regression and
smoothed fitted curve curves based on multiperspective data from the National Health and Nutrition Examination Survey (NHANES).

A total of 740 adolescents were included in this study after excluding unusable samples. The results showed that NAFLD was
positively associated with total BMD in adolescents. The results of the subgroup analysis showed that this positive association
was mainly found in boys, whites and blacks. The association was not significant in girls, Mexican Americans and other racial
groups.

Among US adolescents, there was a significant positive association between NAFLD and total BMD, and this relationship
varied by gender and race.

Abbreviations: ALT = alanine aminotransferase, AST = aspartate aminotransferase, BMD = bone mineral density, CAP =
controlled attenuation parameter, NAFLD = nonalcoholic fatty liver disease, NHANES = National Health and Nutrition Examination

Survey.
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1. Introduction

Osteoporosis is a long-term disease marked by a decrease in
bone mineral density (BMD) that affects groups of all ages.
Childhood and adolescence are the periods of peak bone devel-
opment, with most people reaching peak bone mass(PBM) in
late adolescence.? Findings suggest that elevating a small
amount of PBM throughout childhood and adolescence can
play a large role in the prevention of osteoporosis.l® Therefore,
focusing on and promoting the accumulation of PBM at an
early age is twice as effective in preventing osteoporosis and
fractures in adulthood and old age.*! Risk factors for bone
metabolism in adolescents have received increasing attention
from researchers in recent years, and a number of biomarkers
and chronic diseases have been shown to be significantly asso-
ciated with BMD.57!
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Nonalcoholic fatty liver disease (NAFLD) is the most com-
mon chronic liver disease and one of the most prevalent chronic
diseases, posing a significant global public health burden. More
than a quarter of the population in both the United States and
Asia now has NAFLD.®* In addition, the prevalence of NAFLD
in adolescents has climbed with the global increase in childhood
obesity rates.'!

Although studies have investigated the relationship between
NAFLD and BMD in the past,!'"!?l however, most have focused
on adult populations. Research on the relationship between
NAFLD and BMD in adolescents remains scarce and contro-
versial, and more importantly, there is a lack of gender- and
race-specific correlations. Therefore, we investigated the associ-
ation between NAFLD and total BMD in adolescents aged 12 to
19 from the National Health and Nutrition Examination Survey
(NHANES).
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2. Materials and Methods

2.1 Study population

The NHANES is an ongoing cross-sectional survey in the United
States with a very wide variety of non-multi-angle data. The
research ethics review committee of the National Center for

Medicine

Health Statistics authorized the study protocol. Written con-
sent was provided by all subjects or guardians of subjects at the
time of recruitment. We excluded 3372 individuals with missing
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) data, 72 with a cancer diagnosis, 3006 with missing BMD
data, 240 participants with heavy alcohol consumption, 1778

Total participants from
NHANES 2017-2018
(N=9254)

) AST/ALT not available
v N=(3372)
N=5882
Total BMD not available
>
N=(3306)
Y
N=2876
) HBV(N=14)
v HCV(N=32)
N=2830
) Significant alcohol intake
v N=(240)
N=2590
Cancer participants
> N=(72)
N=2518
» Age=20 years
\ 4 N=(1778)

Final samples
N=(740)

Figure 1. Flow chart of participants selection. BMD = bone mineral density, CAP = controlled attenuation parameter, HBV = hepatitis B virus, HCV = hepatitis

C virus, NHANES = National Health and Nutrition Examination Survey.
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individuals older than 19 years, and 46 individuals with hepa-
titis B or C. Finally, 740 adolescents were included in this study
(Fig. 1).

2.2 Study variables

The activity of AST is measured by the interaction of alpha-keto-
glutarate with L-aspartate to produce L-glutamate and oxaloace-
tate. Oxaloacetate is converted to malate by malate dehydrogenase
(MDH), and NADH is oxidized to NAD. The reduction in NADH
absorbance, measured at 340 nm (secondary wavelength = 700nm),
is related to serum AST activity. The interaction of alpha-keto-
glutarate with L-alanine to generate L-glutamate and pyruvate is
catalyzed by the enzyme ALT. Pyruvate is converted to lactate by
LDH, while NADH is transformed to NAD by LDH. The reduc-
tion in NADH absorbance (measured at 340 nm; secondary wave-
length is 700nm) is proportional to ALT serum activity. Children
and adolescents in WHO standards (2007) with AST/ALT ratio are
less than 1 and ultrasound evidence of hepatic steatosis."*! Dual-
energy X-ray absorptiometry was performed to assess total BMD.
Covariates includes age, serum iron, gender, waist circumference,
glycated hemoglobin, race, poverty to income ratio, total choles-
terol, low-density lipoprotein-cholesterol, ALT, diabetes status,
alkaline phosphatase (ALP), high-density lipoprotein-cholesterol,
gamma-glutamyl transferase (GGT), body mass index, AST, con-
trolled attenuation parameter (CAP), and liver stiffness measure
(LSM) were all covariates in this study.

2.3 Statistical analysis

All analyses were performed using R (version 4.2) or
Empowerstats (version 4.1). All data were analyzed statistically
after weighting according to the NCHS analysis guidelines. We
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investigated the linear and nonlinear relationships between
NAFLD and BMD mainly using multiple logistic regression
analysis and smoothed fitted curves. Subgroup analysis was
used to investigate whether the above relationships remained
consistent across different groups.

3.Results

3.1 Baseline characteristics

There were 740 adolescent participants in this study, includ-
ing 597 non-NAFLD participants and 143 NAFLD partici-
pants. NAFLD adolescents showed significant differences from
non-NAFLD adolescents in all covariates except in glyco-
sylated hemoglobin, low-density lipoprotein, serum iron, ALP,
and diabetes status in both groups. In contrast, NAFLD par-
ticipants were more likely to be boys and Mexican Americans.
Adolescents with NAFLD had higher bone mineral density, as
well as higher body mass index (BMI) and waist circumference.
Adolescents with NAFLD also tended to have a higher socioeco-
nomic status (Table 1).

3.2 Association between NAFLD and total BMD

The results of multivariate regression analysis showed that
NAFLD showed a strong independent positive correlation with
total BMD in the unadjusted model (0.048 [0.025, 0.071]). This
positive correlation was maintained when adjusting for covari-
ates, as in the partially adjusted model (0.016 [-0.003, 0.035])
and the fully adjusted model (0.012 [-0.015, 0.039]). In addition
to this, we further used smoothed curve fitting to examine the
nonlinear relationship between NAFLD and total BMD, and the
results verified a positive correlation between NAFLD and total
BMD (Fig. 2).

Characteristics of the participants.

NAFLD (n = 143) Non-NAFLD (n = 597) Pvalue
Age (yr) 16.323 +2.330 15.425 + 2.242 .00006
Gender (%) .00002
Male 68.728 47.529
Female 31.272 52.471
Race/ethnicity (%) .00373
Non-Hispanic White 45.080 54.667
Non-Hispanic Black 6.234 10.647
Mexican American 27.865 15.186
Other race 20.821 19.499
Income to poverty ratio 1.930 + 1.509 2.640 + 1.651 .00005
Diabetes (%) .67200
Yes 1.853 0.953
No 98.147 99.047
BMI (kg/m?) 28.348 + 6.620 22.889 +5.090 <.00001
Waist circumference (cm) 94.151 £ 17.205 79.075 £ 12.212 <.00001
Laboratory features
HbA1c (%) 5.239 + 0.294 5.247 + 0.391 82971
Total cholesterol (mmol/L) 4.247 +0.820 4.022 £0.738 .00252
LDL-cholesterol (mmol/L) 2.441 +0.688 2.277 = 0.625 .06438
HDL-cholesterol (mmol/L) 1.225 + 0.254 1.385 + 0.300 <.00001
ALT (IUL) 34.641 + 36.163 13.219 £ 5.419 <.00001
AST (IU/L) 24.701 + 16.826 19.729 + 7.180 <.00001
ALP (UL 135.599 + 91.895 153.442 +103.612 .07592
GGT (U/L) 24.028 + 12.986 12.915 £ 5997 <.00001
Serum iron (mol/L) 16.927 + 7.778 16.451 + 7.201 .50970
Total bone mineral density (umol/L) 1.073 +0.124 1.025 +0.120 .00252
CAP (dB/m) 254.139 + 69.290 210.251 + 45.298 <.00001
LSM (kPa) 5.487 + 3132 4.722 +1.593 .00007

Mean + SD for continuous variables: P value was calculated by weighted linear regression model.
% for categorical variables: P value was calculated by weighted chi-square test.

ALP = alkaline phosphatase, ALT = alanine transaminase, AST = aspartate aminotransferase, BMI = body mass index, CAP = controlled attenuation parameter, GGT = gamma-glutamy! transferase, HbA1c
(%) = glycated hemoglobin, HDL = high-density lipoprotein, LDL = low-density lipoprotein, LSM = liver stiffness measure, NAFLD = nonalcoholic fatty liver disease.
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Figure 2. The association between NAFLD and total bone mineral density. (a) Each black point represents a sample. (b) The solid red line represents the smooth
curve fit between variables. Blue bands represent the 95% of confidence interval from the fit. Age, gender, race, body mass index, poverty to income ratio, dia-

betes status, waist circumference, HbA1c (%), total cholesterol, LDL-cholesterol,

HDL-cholesterol, ALT, ALP, GGT, AST, serum iron, total bone mineral density,

CAP and LSM were adjusted. ALP = alkaline phosphatase, ALT = alanine aminotransferase, AST = aspartate aminotransferase, CAP = controlled attenuation
parameter, GGT = gamma-glutamy! transferase, HbA1c (%) = glycated hemoglobin, HDL = high-density lipoprotein, LDL = low-density lipoprotein, LSM = liver

stiffness measure. NAFLD = nonalcoholic fatty liver disease.

3.3. Subgroup analysis

To further verify whether the relationship between NAFLD and
total BMD differs across different groups of US adolescents, we
conducted subgroup analyses by gender and race. We found that
this positive association remained significant only in boys, white
and black races, but not in girls, Mexican Americans and other
racial groups.

For boys, NAFLD exhibited a significant positive association
with BMD in unadjusted Model (0.074 [0.029, 0.119]), but
the association became insignificant in Model 2 (0.042 [0.006,
0.078]) and Model 3 (0.007 [-0.036, 0.049]) when covariates
were adjusted. In contrast, the relationship between NAFLD
and BMD became negatively correlated when all variables were
adjusted for girls. In addition, the nonlinear relationship was
characterized by smooth curve fittings and generalized additive
models (Table 2 and Fig. 3).

For whites, the positive association was in Model 1 (0.074
[0.029, 0.119]) and maintained in Model 2 (0.042 [0.006,
0.078]), but not in Model 3 (0.007 [-0.036, 0.049)]. For

blacks, the relationship as same as males, only existed in
unadjusted Model (0.104 [0.036, 0.172]) but not in Model
2 (0.039 [-0.018, 0.097]) and Model 3 (0.063 [-0.055,
0.180]). Of note, among Mexican Americans and other
race, the relationship between NALFD and BMD became
reversed when adjusted for age, sex, race, or all covariates.
Details of the racial subgroup analysis, smoothed fit curves
and generalized weighted models are shown in Table 3 and
Figure 4.

4. Discussion

In the present study, our results suggest a positive association
between NAFLD and middle BMD in adolescents. Not only
that, we further investigated potential gender and racial dif-
ferences using subgroup analysis, and the results demonstrated
that this positive association was significant in boys, White and
Black groups, and not significant in girls, Mexican Americans
and other races.

Association between NAFLD and total bone mineral density (g/cm?) stratified by gender.

Model 1: B (95% Cl, P)

Model 2: B (95% Cl, P) Model 3: B (95% Cl, P)

Non-NAFLD Reference
NAFLD 0.048 (0.025, 0.071)
.00006
Males
Non-NAFLD Reference
NAFLD 0.062 (0.030, 0.095)
.00021
Females
Non-NAFLD Reference
NAFLD 0.011 (-0.023, 0.046)
.51859

Reference Reference
0.016 (-0.003, 0.035) 0.012 (-0.015, 0.039)
.10899 .39327
Reference Reference
0.008 (-0.017, 0.033) 0.011 (-0.028, 0.049)
51872 59332
Reference Reference
0.008 (-0.022, 0.039) —0.021 (-0.068, 0.026) .38129
58534

HbA1c¢ = glycated hemoglobin, HDL = high-density lipoprotein, LDL = low-density lipoprotein, NAFLD = nonalcoholic fatty liver disease.

Model 1: No covariates were adjusted. Model 2: Age, gender, race were adjusted.

Model 3: Age, gender, race, body mass index, poverty to income ratio, diabetes status, waist circumference, HbA1c (%), total cholesterol, LDL-cholesterol, HDL-cholesterol, ALT, ALP, GGT, AST, serum iron,
total bone mineral density, CAP and LSM were adjusted. In the subgroup analysis stratified by gender or race, the model is not adjusted for the stratification variable itself.
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Figure 3. The association between NAFLD and total bone mineral density
stratified by gender. Age, gender, race, body mass index, poverty to income
ratio, diabetes status, waist circumference, HbAl1c (%), total cholesterol,
LDL-cholesterol, HDL-cholesterol, ALT, ALP, GGT, AST, serum iron, total bone
mineral density, CAP and LSM were adjusted. ALP = alkaline phosphatase,
ALT = alanine aminotransferase, AST = aspartate aminotransferase, CAP
= controlled attenuation parameter, GGT = gamma-glutamyl transferase,
HbA1c (%) = glycated hemoglobin, HDL = high-density lipoprotein, LDL =
low-density lipoprotein, LSM = liver stiffness measure. NAFLD = nonalcoholic
fatty liver disease.

Past epidemiological studies on the relationship between
NAFLD and BMD have focused on adult populations, and
observational studies with adolescents are still very few and
controversial. There was notable change in BMD among
adolescents with NAFLD and controls, according to a recent
meta-analysis of 6 cross-sectional studies.'¥ However, in
another study, the researchers concluded that NAFLD was
only associated with osteoporotic fractures but not with
a significant reduction in BMD.!"S) Two large cohort studies
from China also concluded a significant association between
NAFLD and osteoporotic fractures.!') In addition, several epi-
demiological studies from Asia have shown significant gender
differences in the relationship between NAFLD and BMD,
with greater variation in BMD especially in the menopausal
female population.!"2!) Our findings also confirm this gender
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difference. Gender differences have also been repeatedly men-
tioned in past studies on bone metabolism, especially in older
women.?>?3 In addition, our findings suggest that there are
racial differences in the relationship between NAFLD and
BMD in adolescents. However, after reviewing the past litera-
ture, we found that the underlying mechanisms regarding this
condition are currently unexplained.

The mechanisms behind the relationship between NAFLD
and BMD are controversial. Many researchers have elabo-
rated on the possible reasons for this relationship. First, it has
been suggested that insulin resistance is an important media-
tor of this relationship and that insulin resistance can affect
changes in a variety of inflammatory metabolic factors and
bone metabolites, which can further lead to accelerated or
slowed bone loss.?*?1 Other studies have suggested that the
relationship between NAFLD and BMD is mainly mediated
by obesity and body fat content,?*! a higher BMI may help to
prevent bone loss by increasing mechanical loading. An epi-
demiological study of the relationship between diabetes and
BMD illustrates another possible reason,?”! some researchers
have argued that the effects of multiple chronic diseases on the
same individual are diverse and complex, and that considering
the effects of only one of these diseases on bone metabolism
would be very prone to bias in the observations. This bias
is further increased when the results are applied to different
genders or races, as evidenced by the study from China.[?2"!
The most predominant view regarding gender differences in
the relationship between NAFLD and BMD is the significant
difference in sex hormones in different sex and age groups.
In postmenopausal women, estrogen deficiency is considered
a major cause of osteoporosis and fractures.?$?! Estrogen can
affect the activity of osteoblasts and osteoclasts by a variety
of pathways, thereby affecting the conduct of bone metabo-
lism.3%31 Indeed, not only does estrogen have multiple effects
on bone metabolism, but there is also a strong link between
estrogen and disease progression in NAFLD. This also prompts
us to fully consider the gender, age, race, and individual differ-
ences of the study population in epidemiological studies.

Several strengths exist in our study. Since current studies on
the association between NAFLD and BMD have focused on
adults, the present study explored the relationship between
NAFLD and BMD in adolescents. In addition, our findings
were consistent with the inclusion of ethnically diverse ado-
lescents and due to the representative sampling character-
istics of NHANES, we investigated potential gender and
ethnic differences in the association between NAFLD and
BMD using weighted data. However, there are limitations to
our study as well. First, our retrospective study design makes

Association between NAFLD and total bone mineral density (g/cm?) stratified by race.

Model 2: B (95% Cl), P Model 3: B (95% Cl), P

Race/ethnicity (%) Model 1: § (95% Cl), P
Non-Hispanic White

Non-NAFLD Reference

NAFLD 0.074 (0.029, 0.119) .00137
Non-Hispanic Black

Non-NAFLD Reference

NAFLD 0.104 (0.036, 0.172) .00330
Mexican American

Non-NAFLD Reference

NAFLD 0.014 (-0.029, 0.056) .53772
Other race

Non-NAFLD Reference

NAFLD 0.023 (-0.014, 0.060) .22227

Reference
0.007 (-0.036, 0.049) .75493

Reference
0.042 (0.006, 0.078) .02410

Reference
0.063 (—0.055, 0.180) .30790

Reference
0.039 (-0.018, 0.097) .18237

Reference
—-0.081 (-0.164, 0.001) .06098

Reference
-0.017 (-0.052, 0.017) .33073

Reference
—-0.013 (-0.049, 0.023) .47906

Reference
—0.008 (-0.040, 0.025) .64476

Model 1: No covariates were adjusted. Model 2: Age, gender, race were adjusted. Model 3: Age, gender, race, body mass index, poverty to income ratio, diabetes status, waist circumference, HbA1c (%),
total cholesterol, LDL-cholesterol, HDL-cholesterol, ALT, ALP, GGT, AST, serum iron, total bone mineral density, CAP and LSM were adjusted. In the subgroup analysis stratified by gender or race, the model is

not adjusted for the stratification variable itself.
NAFLD = nonalcoholic fatty liver disease.
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Figure 4. The association between NAFLD and total bone mineral density
stratified by race. Age, gender, race, body mass index, poverty to income
ratio, diabetes status, waist circumference, HbA1c (%), total cholesterol,
LDL-cholesterol, HDL-cholesterol, ALT, ALP, GGT, AST, serum iron, total bone
mineral density, CAP and LSM were adjusted. ALP = alkaline phosphatase,
ALT = alanine aminotransferase, AST = aspartate aminotransferase, CAP
= controlled attenuation parameter, GGT = gamma-glutamyl transferase,
HbA1c (%) = glycated hemoglobin, HDL = high-density lipoprotein, LDL =
low-density lipoprotein, LSM = liver stiffness measure. NAFLD = nonalcoholic
fatty liver disease.

it hard to conclude a causal association between NAFLD
and total BMD in adolescents. To explain the mechanisms
and potential gender and ethnic differences in the relation-
ship between NAFLD and BMD in adolescents, additional
large-sample, multilevel observational studies are needed
to confirm this. Second, NAFLD is diagnosed based on the
AST/ALT ratio, which may be biased for estimating the prev-
alence of the disease. Therefore, alternative validation of the
involvement of NAFLD in bone metabolism is necessary to
avoid data bias.

5.Conclusion

Our findings suggest a significant positive correlation between
NAFLD and total BMD in adolescents. There were gender dif-
ferences and racial differences in this relationship.
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