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ABSTRACT

Background and Aims. N-terminal pro B-type natriuretic peptide (NT-proBNP) is inversely
associated with diabetes mellitus, obesity and metabolic syndrome. We aim to characterize
the association between NT-proBNP and nonalcoholic fatty liver disease (NAFLD), a
condition strongly associated with metabolic syndrome.

Methods. 4529 participants from the Multi-Ethnic Study of Atherosclerosis (MESA) free of
cardiovascular disease, without self-reported liver disease and not diabetic at their baseline
visit in 2000-2002 were included in this analysis. NAFLD was defined by a liver attenuation
<40 HU. Relative prevalence (RP) for NAFLD was assessed adjusted for age, race, and sex,
percentage of dietary calories derived from fat, total intentional exercise, alcoholic drinks
per week, and interleukin-6 by quintiles of NT-proBNP. Adjusted linear spline model was
used to characterize a non-linear association between NT-proBNP and liver fat. The
inflection point (IP) was the NT-proBNP concentration where there was a change in slope in
the association between liver attenuation and NT-proBNP.

Results. RP for NAFLD decreased by 30% from the lowest to the highest quintile of NT-
proBNP, p = 0.01. We observed an inverse linear association between NT-proBNP and liver fat,
which plateaued (IP) at an NT-proBNP concentration of 45 pg/mL. Linear regression coefficient
(SE) per unit of NT-proBNP less than and greater than or equal to IP was of 0.05 (0.02), p = 0.001

and 0.0006 (0.0008), p = 0.5, respectively; differences between slopes, p < 0.0001.
Conclusions. In this cross-sectional study of a community based multiethnic sample of non-

diabetic adults, low levels of NT-proBNP are associated with greater prevalence of NAFLD.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), defined as the
accumulation of fat in the hepatic parenchyma (steatosis) with
or without inflammation [1], is considered the hepatic compo-
nent of the metabolic syndrome [2]. Not surprisingly, obesity,
insulin resistance, metabolic syndrome and type 2 diabetes are
associated cross-sectionally and prospectively with NAFLD
[3,4]. Therefore, the accumulation of fat in the liver,
the development of insulin resistance, and type 2
diabetes may share common risk factors.

Natriuretic peptides are inversely associated with percent
body fat, fasting blood glucose and triglycerides [5-7]. Further-
more, natriuretic peptides have been shown to be inversely
associated with incident diabetes [8,9]. These observations may
stem from the metabolic effects of natriuretic peptides on
lipoproteins [10], lipolysis, mitochondrial density and fat
oxidation [11]. Given the common pathophysiological
mechanisms of NAFLD with diabetes and other metabolic
disorders, it is possible that natriuretic peptides have an effect on
liver fat. In support of this assumption, Lazo et al. using liver
enzymes as surrogate markers of liver fat demonstrated a U-
shaped association between gamma-glutamyl transferase (GGT),
and N-terminal pro B-type natriuretic peptide (NT-proBNP) [12].

The Multi-Ethnic Study of Atherosclerosis (MESA) measured
baseline levels of NT-proBNP and estimated liver fat using
computed tomographic imaging in a group of individuals free of
cardiovascular disease. This allows for a quantitative
assessment of the association between circulatory levels of
NT-proBNP and the amount of liver fat.

The objective of this study is therefore to characterize the
association between NT-proBNP and liver fat, as assessed by

computed tomography, in a racially diverse group, without
existing cardiovascular disease. We hypothesize that higher
levels of NT-proBNP, but still within the “physiological range”
are associated with less liver fat.

2. Methods
2.1. Study Subjects

This study included 6814 men and women MESA study
participants of diverse ethnic and racial background (white,
Africa-American, Chinese and Hispanics). They were recruit-
ed between July 2000 and August 2002, and were between 45
and 85 years of age and free of overt cardiovascular disease.
Detailed description on the aims of the MESA study and the
characteristics of this cohort is described in Refs [13,14]. The
institutional review boards at all participating centers
approved the study and written informed consent was
obtained from every participant prior to data collection. For
this cross sectional analysis data were restricted to 4529
MESA participants without self-reported liver disease, with-
out diabetes at baseline and in whom NT-proBNP, gamma-
glutamyl transpeptidase (GGT) and liver attenuation in
Hounsfield units (HU) were measured at their baseline visit
in 2000-2002.

2.2.  Baseline Demographic, Anthropometric and Metabolic
Characteristics

Among the anthropometric, cardiovascular and metabolic
parameters that were included are: body mass index (BMI)
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(computed as weight (kg)/height® (meters)), systolic and
diastolic blood pressures; blood lipids, insulin, and glucose.
Dietary energy and fat are derived by assigning tabulated
weights to each food item in the food frequency question-
naire and summing [15]. Serum NT-proBNP was measured
at the VA San Diego Healthcare System using an ElecSys
2010 analyzer (Roche Diagnostics, Indianapolis, IN) with
intra-assay and interassay coefficients of variation of 1.3
and 4.8%, respectively [16]. We assessed insulin resistance
using the homeostasis model assessment of insulin resis-
tance (HOMA-IR), calculated as insulin (mU/L) x (glucose
[mg/dL] x 0.055)/22.5 [17]. In addition, IL-6 concentration
was used to adjust for inflammatory status and was
measured by ultrasensitive enzyme-linked immunosor-
bent assay (Quantikine HS human IL-6 immuno-assay;
R&D Systems, Minneapolis, MN).

2.2.1. Diagnosis of Hypertension, Metabolic Syndrome, Diabetes,
Low Estimated Glomerular Filtration Rate (eGFR) and Subclinical
Cardiovascular Disease

Hypertension was defined as a systolic blood pressure
>140 mmHg or diastolic blood pressure >90 mmHg or the
use of blood pressure lowering medications. Metabolic syn-
drome was defined according to the Adult Treatment Panel III
report (ATP III) [18]. For Chinese individuals the definition of
metabolic syndrome included those with waist circumference
>90 cm and >80 cm for males and females, respectively.
Diabetes was defined as self-reported physician diagnosis,
fasting glucose >126 mg/dL or the use of insulin or oral
hypoglycemic medications each assessed at study clinic
examinations. Low eGFR was defined as a eGFR <60 mL/
min/1.73 m? according to the EPI-CKD equation [19]. Subclin-
ical cardiovascular disease was defined by the presence of at
least two of the following: carotid plaque, left ventricular
hypertrophy and a positive coronary artery calcium
(CAC) score.

2.2.2. Measurement of Liver Fat and Liver Enzyme

Liver fat was estimated based on radiologic liver attenua-
tion (Hounsfield units (HU)) using computerized tomo-
graphic imaging of the liver and the spleen. Liver
attenuation is inversely associated with liver fat content,
thus lower attenuation coefficients indicate greater fat
content. A liver/spleen (L/S) attenuation ratio <0.8 [20] and
aliver attenuation <42 HU are able to detect macrovesicular
liver steatosis >30% with 100% specificity and sensitivity
ranging from 73% and 82% [20]. Previous reports using data
from the MESA study have used liver attenuation <40 HU
and L/S ratio <1 to define NAFLD [4,21,22]. An L/S ratio <1
corresponds to mild steatosis (<9.9% fatty liver content)
and a liver attenuation of <40 HU corresponds to a
moderate to severe steatosis (10% to >25% fatty liver content)
[23,24]. The methods used to acquire this information from the
liver and spleen CT has been described in detail previously
[4,25]. The interreader and intrareader intra-class correlation
coefficients (ICC) for liver attenuation measurement were 0.96
and 0.99, respectively and the interreader and intrareader ICC
for L/S was 0.99, for both measures [4]. GGT, another potential
surrogate of fatty liver, was measured using methods previ-
ously described [26].

2.3. Statistical Analysis

2.3.1. Descriptive Statistics

Gender, race/ethnicity, sex, years of education, anthropomet-
ric, and metabolic parameters were used to characterize the
sample at baseline by categories of liver attenuation <40 and
>40 HU. Continuous variables with normal distributions are
presented as mean = SD and categorical variables as percent-
ages. Variables with skewed distributions are log transformed
and the mean log transformed value was exponentiated to
obtain the geometric mean.

2.3.2. Assessing the Relative Prevalence of NAFLD

Due to the cross sectional nature of this analysis, the ratio of
the prevalence of NAFLD in those exposed/prevalence of
NAFLD in those not exposed is expressed as relative preva-
lence (RP) instead of relative risk. The RP of NAFLD (defined as
an attenuation coefficient <40 HU or liver to spleen ratio <1)
was assessed by quintiles of NT-proBNP adjusted for model
1 = age, race and sex; and model 2 = model 1 + percentage of
dietary calories derived from fat, number of alcoholic drinks
per week, total intentional exercise and IL-6. Model 3 included
model 2 + metabolic syndrome, which may be on the causal
pathway between NT-proBNP and the development of NAFLD.
Further adjusting model 2 for BMI and waist circumference
was performed to assess if the association between NAFLD
and NT-proBNP was attenuated by BMI. NT-proBNP values
differ according to sex [27] and presence of subclinical
cardiovascular disease (CVD) [5,28]. For these reasons, a
sex x NT-proBNP and also a subclinical CVD x NT-proBNP
interaction term was assessed in model 2.

Sensitivity analyses were conducted excluding: 1) 422
heavier drinkers (i.e., males consuming >14 drinks/week and
women consuming >7 drinks/week) [29], 2) 55 individuals
with liver attenuations >80 HU (99th percentile) and 3)
presence or absence of subclinical CVD.

2.3.3.  Associations Between Liver Attenuation and NT-proBNP
The association between categories of baseline NT-proBNP as
an independent variable and liver attenuation (HU) as a
dependent variable was assessed using linear regression
procedures adjusting for the models 1, 2 and 3 as described
above (Fig. 2). The NT-proBNP values at which the slopes of
the dependent variables had a substantial change, i.e., the
inflection point, were determined using linear splines adjust-
ed for model 2 with serial knots at NT-proBNP values every
5 pg/mL for intervals between 20 and 300 pg/mL. The NT-
proBNP concentration at which the linear spline model had the
highest R? was chosen as the inflection point [5]. Significance
was set at p < 0.05. Statistical analysis was performed using
SAS v 9.3 by SAS Institute, Cary, NC.

3. Results
3.1. General Characteristics

The mean (SD) liver attenuation of non-diabetic individuals
without self-reported liver disease was 60.2 (11.6) HU with an



METABOLISM CLINICAL AND EXPERIMENTAL 65 (2016) 728-735 731

interquartile range from 55.5 to 67.0 HU. As shown in Table 1,
compared to those without fatty liver, individuals with fatty liver
were on average 3 years younger and had greater BMI, HOMA-IR,
systolic and diastolic blood pressures; greater levels of blood
triglycerides, fasting blood glucose, IL-6 values; and a higher

Table 1 - Demographic and metabolic characteristics and
presence of subclinical disease by categories of liver

attenuation coefficient <40 or >40 HU at baseline in
individuals without diabetes and without self-reported
liver disease.

>40 HU <40 HU
N (%)
4281 (94.5) 248 (5.5) pvalue
Sex, % females 52.9 49.6 0.3
Age, years 62.7 (0.2) 59.1 (0.7) <0.0001
Race <0.0001
White 42.7 37.5
Chinese 12.2 10.9
African American 24.2 12.5
Hispanics 20.9 39.1
Education, % 83.2 77.8 0.02
Current smoker, % 12.2 12.1 1.0
HTN, % 44.4 48.8 0.2
Low eGFR, % 9.7 7.3 0.2
BMI, kg/m? 27.8 (0.1) 31.9 (0.3) <0.0001
Systolic blood 1313(0.3) 1369 (14) <0.0001
pressure, mmHg
Diastolic blood 717 (0.1) 742 (0.6) <0.0001
pressure, mmHg
HDL-C, mg/dL 51.8 (0.2) 46.2 (0.9) <0.0001
Triglycerides, mg/dL 126.5 (1.2) 170.3 (4.9) <0.0001
Glucose, mg/dL 89.3 (0.2) 96.3 (0.6) <0.0001
HOMA-IR, (mU/L
* mmol/dL/22.5) 2.06 (0.02) 3.72 (0.08) <0.0001
Interleukin-6, pg/mL 1.49 (0.02) 2.01 (0.08) <0.0001
Percent calories
R — 10.1 (0.05) 10.6 (0.2) 0.02
39.8
NT-proBNP, pg/mL 51.3 (49.9-52.8) (35.4-44.9) <0.0001
NT-proBNP >100 pg/mL, % 29.1 17.3 <0.0001
Heavy drinkers, % 9.2 11.3 0.3
Total intentional 1228 (1186- 1031 0.03
exercise, MET/min/week 1272) (884-1202) ’
GGT, U/L 39.2 (0.5) 54.4(1.9) <0.0001
Liver/spleen 1.23(0.004)  0.66 (0.018) <0.0001
Metabolic syndrome, % 29.2 64.0 <0.0001
Subclinical CVD, % 26.8 28.8 0.6

Categorical variables are expressed as % and continuous variables are
expressed as means (SE), except for NT-proBNP, which is the geometric
mean (95% CI). Continuous variables were adjusted for age, race and
gender, except when age was the dependent variable. HU = Hounsfield
units. Education refers to the percentage of individuals who completed
at least high school. HTN = individuals with hypertension. Low
estimated glomerular filtration rate (eGFR) = eGFR, 60 mL/kg/min
based on the CKD-EPI equation. BMI = body mass index kg/m? HDL-
C =high density lipoprotein-cholesterol. GGT = gamma-glutamyl
transpeptidase. Heavy drinkers were defined as males consuming
>14 drinks/week and women consuming >7 drinks/week. Total
intentional exercise is expressed as geometric mean (95% CI).
Subclinical cardiovascular disease is defined as those individuals who
had at least two of the following conditions: left ventricular hypertrophy,
carotid plaque and coronary artery calcium >0 Agatston units.

percentage of dietary calories derived from fat; a greater
percentage of them were heavier, alcohol drinkers, and had
higher circulatory GGT levels. The prevalence of NAFLD was
greater among white/Caucasians and Hispanics than among
Chinese and African Americans. In addition, individuals with
fatty liver were also more likely to have metabolic syndrome,
have lower plasma NT-proBNP concentration, total intentional
exercise per week and lower L/S ratio. There was no difference in
the prevalence low eGFR (eGFR <60) between those with HU <40
or >40.

3.2 Relative Prevalence of Non-Alcoholic Fatty Liver
Disease (NAFLD) by Quintiles of Baseline NT-proBNP

Non-alcoholic fatty liver disease defined as a liver attenu-
ation coefficient <40 HU represented 5.5% of the sample and
was 3.6-fold (9.2% vs. 2.6%) more prevalent in the lowest
quintile of NT-proBNP (range: 4.9-19.2 pg/mL) than at the
highest quintile of NT-proBNP (>135.5 pg/mL), Fig. 1. Rela-
tive prevalence adjusted for model 1 decreased across
categories of NT-proBNP with a linear trend for each log
unit of NT-proBNP of 0.81 (0.72-0.92), p = 0.001. Further
adjusting for percentage of dietary calories derived from fat,
total intentional exercise, alcoholic drinks per week and
interleukin-6 did not substantially change the association
between NAFLD and NT-proBNP. However, adding meta-
bolic syndrome or BMI to model 2, the association between
NAFLD and NT-proBNP was significantly weakened, p =
0.07 and p = 0.08 for adjustment for metabolic syndrome
and BMI, respectively.

NAFLD defined as a liver/spleen ratio (L/S) <1 represented
16% of the sample and was 2.5-fold higher (23.7% vs. 9.5%) in
the lowest quintile of NT-proBNP than in the highest quintile,
Table 2. There was an inverse association in relative prevalence for
NAFLD across quintiles of NT-proBNP following adjustment for
model 1 and 2 covariates, p < 0.001 and p = 0.001, respectively.
Further adjusting for metabolic syndrome or BMI (p = 0.01) did
not substantially change the association between NAFLD and
NT-proBNP, model 3 in Table 2.

Using either definition for NAFLD (<40 HU or L/S ratio <1),
the association between relative prevalence of NAFLD and
NT-proBNP was not different between sex, as reflected by the
lack of a sex x NAFLD interaction, p =0.09 and p=0.7,
respectively. Excluding individuals with alcohol consump-
tion >14 drinks per week if males and >7 drinks per week if
females, did not substantially change the association be-
tween NT-proBNP and relative prevalence of NAFLD for
model 2, RP per unit increase in In(NT-proBNP) = 0.83 (0.71-
0.97), p =0.02 and 0.83 (0.74-0.93), p = 0.002, respectively.
There was no race x NAFLD interaction whether defining
NAFLD as HU <40 or by an L/S ratio <1, p = 1.0 and p = 0.3,
respectively.  Similarly, there was no subclinical
CVD x NAFLD interaction, p > 0.2. Excluding individuals
with liver attenuation >80 HU did not substantially change
the association between RP of NAFLD and NT-proBNP, RP per
unit increase in In(NT-proBNP) = 0.85 (0.74-0.98) and 0.84
(0.76-0.93), p < 0.03 for NAFLD and L/S <1, respectively. In
addition, there was not a BMI category x NAFLD interaction,
p = 0.6 and p = 0.8 when defining NAFLD as HU <40 or an L/S
ratio <1, respectively.
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Prevalence of NAFLD, %
w

Fig. 1 - Prevalence of non-alcoholic fatty liver disease defined
as a liver attenuation <40 HU or a liver to spleen ratio <1 by
quintiles of NT-proBNP. Legend. HU = Hounsfield units.
NAFLD = non-alcoholic fatty liver disease. Individuals with
self-reported liver disease and diabetes were excluded.

3.3.  Association Between Liver Attenuation and NT-proBNP

Linear regression coefficients between liver attenuation and
log of NT-proBNP were 0.86 (0.18), p < 0.0001 when adjusted
for model 1 covariates and 0.81 (0.21) when adjusted for model
2 covariates, p = 0.0002. Adjusting for metabolic syndrome
(model 3) slightly weakened the association, 0.68 (0.21),
p = 0.001. Further adjusting for BMI or waist circumference
did not substantially change the association between liver
attenuation and NT-proBNP. There was no low eGFR x NT-
proBNP interaction for model 1 or 2, p=0.9 and p=0.5,
respectively. Fig. 2 shows that the association between liver
attenuation and NT-proBNP did not follow a linear pattern.
Linear spline analysis adjusted for model 2 covariates showed
that the inflection point (highest R? = 0.173) occurred at an
NT-proBNP concentration of 45 pg/mL, corresponding to a
liver attenuation of 60 HU. Linear regression coefficient below
the inflection point was 0.05 (0.02) for every pg/mL increase in
NT-proBNP, p = 0.001 and above the inflection point was
0.0006 (0.0008), p = 0.5. Linear slopes at NT-proBNP concen-
trations <45 and >45 pg/mL were different, p < 0.001.

4, Discussion

The results of this cross-sectional analysis show a positive linear
association between liver attenuation in HU (less attenuation
more fat) and baseline values of NT-proBNP. However, the
association between NT-proBNP and liver attenuation is not
linear and plateaus at NT-proBNP value >45 pg/mL. This study
also shows an inverse association between baseline NT-proBNP
and relative prevalence of fatty liver disease. Furthermore, the
inverse association between relative risk for NAFLD and NT-
PproBNP persists after adjusting for age, race, sex, and percentage
of calories derived from fat, total intentional exercise, number of
alcoholic drinks per week and IL-6.

4.1.  Association Between Liver Fat and NT-proBNP

Although plasma levels of NT-proBNP differ by race, race does
not modify the association between NT-proBNP and NAFLD.
This is similar to the result report by Al Rifai et al. [21] that
found that the association between metabolic syndrome and
NAFLD was not dependent on race. The greater prevalence of
NAFLD when defining it as an L/S ratio <1 is related to the
inclusion of individuals with mild liver disease. This is likely
the explanation for the weakening of the association between
NT-proBNP and risk of NAFLD when including metabolic
syndrome in the model and defining NAFLD as a liver
attenuation <40 HU (a more restrictive definition of NAFLD),
but not when defining it as an L/S <1. The weakening of the
association between NT-proBNP and NAFLD when adding
metabolic syndrome to the model depends on the defining
criteria for NAFLD and may suggest that metabolic syndrome
is on the causal pathway for the development of NAFLD.
However, further research is required to assess the dose
response effect of natriuretic peptides on the metabolism and
accumulation of fat in the liver and the development of
NAFLD.

The plateauing of the positive association between NT-
proBNP and liver attenuation at levels of NT-proBNP >45 pg/mL
is most likely related to the reported upper limit in liver
attenuation of individuals without clinical signs of liver disease
[30,31]. In this study, the upper interquartile value of liver

Table 2 - Cross sectional adjusted relative prevalence for non-alcoholic fatty liver disease by quintiles of baseline NT-

proBNP in non-diabetic individuals without self-reported liver disease.
Quintiles of NT-proBNP, pg/mL

Range 4.9-19.2 19.3-40.9 41.0-70.9 71.0-135.2 135.5-3460
NAFLD n 888 902 929 919 891 Linear trend p value
<40HU  Model 1 1 0.63 (0.44-0.89)  0.70 (0.49-1.01)  0.67 (0.46-0.99)  0.40 (0.24-0.68)  0.81 (0.72-0.92) 0.001
Model 2 1 0.64 (0.41-1.00) 0.78 (0.51-1.21) 0.72 (0.45-1.15) 0.48 (0.26-0.88) 0.82 (0.71-0.96) 0.01
Model 3 1 0.66 (0.43-1.02)  0.78 (0.51-1.2) 0.74 (0.47-1.18)  0.54 (0.29-1.00)  0.88 (0.76-1.01) 0.07
<1 Model 1 1 0.77 (0.61-0.98) 0.81 (0.63-1.03) 0. 58 (0.44-0.77) 0.46 (0.33-0.63) 0.82 (0.75-0.89) <0.0001
Model 2 1 0.83 (0.62-1.12)  0.86 (0.63-1.17) 6(0.42-0.85)  0.49 (0.33-0.74)  0.87 (0.78-0.97) 0.001
Model 3 1 0.87 (0.65-1.15)  0.86 (0.64-1.16)  O. 63 (0.45-0.89)  0.54 (0.37-0.81)  0.87 (0.78-0.97) 0.01

HU = Hounsfield units. Relative risk adjusted by model 1 = age, race, sex. Model 2 = model 1 + percentage of dietary calories derived from fat,
total intentional exercise, alcoholic drinks per week and interleukin-6. Model 3 = model 2 + metabolic syndrome. NAFLD = non-alcohol fatty
liver disease defined as an average liver attenuation coefficient <40 HU or a liver to spleen ration <1. Linear trend is per unit of log (NT-proBNP).
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Fig. 2 - The association between liver attenuation coefficient
(HU) and deciles of baseline NT-proBNP in non-diabetic
individuals without self-reported liver disease. Legend.
Model 1 adjusted for age, race and sex. Model 2 = model

1 + percentage of calories derived from fat, total intentional
exercise per week, number of alcoholic drinks per week and,
IL-6. Model 3 = model 2 + metabolic syndrome at MESA
baseline. HU = Hounsfield units.

attenuation for those non-diabetics and without self-reported
liver disease was of 67 HU, which is near to the correspond-
ing liver attenuation value (60 HU) at the NT-proBNP
inflection point. The association between NT-proBNP and
liver fat follows a linear pattern along the range of values
that describe healthy and fatty liver tissue. Liver attenuation
values greater than 67 HU in liver CT scans may reflect areas
of abnormal liver tissue and beyond that HU value the
association between NT-proBNP and liver attenuation is no
longer significant.

4.2. Potential Biological Mechanism

The biologically active B-type natriuretic peptide (BNP) and the
inactive NT-proBNP are released on an equimolar basis by the
heart due to myocyte stretching and cleavage of the precursor
peptide proBNP by the enzymes corin and/or furin [32]. Low
plasma NT-proBNP has been associated in cross sectional
studies with greater BMI [5,33], increased visceral adipose
tissue [6], presence of metabolic syndrome [34,35] and in
longitudinal studies low levels of NT-proBNP have shown to be
predictive of incident diabetes [8,36-38]. The epidemiological
associations between natriuretic peptides with obesity and
incident diabetes could result from reverse causality. However,
a Mendelian randomization study found that individuals with
a genetic variant BNP, which was associated with elevated
plasma levels of BNP, were less likely to develop incident
diabetes [37]. In addition to epidemiological evidence, animal
and human models have shown that atrial natriuretic peptide
(ANP) and BNP have metabolic actions that can explain the
associations observed in epidemiological studies. Cellular
actions of natriuretic peptides occur by binding to natriuretic
peptide (NP) receptors A and B (NPR-A and NPR-B, respective-
ly). Binding of NP to its receptors leads to activation of the gene
that codes for the peroxisome proliferator-activated receptor -y
coactivator-1 o (PGC1A) [39] and stimulates an increase in

mitochondrial density, oxygen consumption and an increase
in insulin sensitivity [11,40] and increased lipolysis in adipose
tissue independently from catecholamine induced lipolysis
[41,42]. These metabolic actions may provide a biological
explanation for the accumulation of fat and the development
of NAFLD associated with low levels of NT-proBNP.

NPs are cleared from the circulation by natriuretic peptide
receptor-C (NPR-C) [43,44]. NP receptors have been detected in
adipose tissue, cardiac and skeletal muscles, kidneys and liver
[45,46]. It was further shown that insulin concentration
decreased NPR-A and NPR-B in adipose tissue and increased
NPR-C, whereas fasting induced the opposite effect [45].
Therefore, any event that increases insulin concentration can
lower natriuretic peptide levels (due to increased clearance) and
decrease the ability of natriuretic peptides to exert their cellular
actions due to lower numbers of NPR-A and NPR-B.

4.3. Strengths and Limitations

The strength of this analysis is that it included a large sample
of individuals of diverse ethnic and racial background free of
CVD and a wide range of liver attenuation coefficients.
Another strong point is the very high intra- and interreader
correlation for the determination of HU and the low intra-
assay and interassay coefficient of variation for NT-proBNP.
The weakness is the cross-sectional and observational nature
of this analysis, which prevents the ability to establish a
causal effect for NT-proBNP in the development of NAFLD.
However, a Mendelian randomization study showed an
inverse association between NT-proBNP and incidence diabe-
tes [37]. The result from that study provides further support
for the hypothesis that natriuretic peptides may be an
important factor to consider in the development of type 2
diabetes mellitus. Also, although the inverse association
between HU by computed tomography and fat liver storage
has been well documented, using magnetic resonance imag-
ing to evaluate the difference in resonance frequency
between water and fat may have a better biophysical basis
to evaluate fatty liver [47]. A number of participants had
conditions which could increase plasma levels of NT-proBNP
such as chronic obstructive pulmonary disease (COPD) [48],
subclinical CVD [49] and low eGFR [50] and confound the
association between NT-proBNP and NAFLD. While the
prevalence of COPD was not assessed at baseline, the
prevalence of current or former smokers was similar in
those with and without NAFLD. Similarly, the prevalence of
those with low eGFR or subclinical CVD was not different
between those with and without NAFLD and the lack of an
interaction between NT-proBNP and subclinical CVD or with
low eGFR supports the results that NT-proBNP is an indepen-
dent risk factor associated with NAFLD.

5. Future Research and Potential Clinical
Implications

There is increasing epidemiological and experimental evidence
describing associations between low levels of natriuretic
peptides and disorders of glucose and fat metabolism. Whether
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there is a cause and effect relationship between low levels of
natriuretic peptides and the development of obesity, metabolic
syndrome and overt type 2 diabetes have yet to be clarified.
Furthermore, the mechanism(s) that is involved in lowering
blood levels of natriuretic peptides has only been scarcely
studied. Blood levels of NT-proBNP may have important clinical
applications in order to identify, prevent and treat individuals
at risk of metabolic disorders of glucose and fat.

5.1. Conclusions

This cross-sectional analysis has shown that low concentra-
tions of NT-proBNP (<19.3 pg/mL) are an independent risk
factor associated with the presence of NAFLD and that for
NT-proBNP values <45 pg/mL there is an inverse association
between NT-proBNP and amount of liver fat.
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