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Abstract

Background

Nonalcoholic fatty liver disease (NAFLD) is a complex disease which is characterized by the

deposition of fats in the hepatocytes. Further, it progresses to nonalcoholic steatohepatitis

(NASH), fibrosis, and hepatocellular carcinoma. The increasing prevalence of NAFLD urges

to find the non-invasive predictive biomarkers. In this study, we sought to determine

increased BMP8B levels as predictors for the progression of NAFLD.

Methods

In the present cross-sectional study, circulatory BMP8B levels were measured in healthy

controls (n = 56), NAFL patients (n = 72) and NASH patients (n = 77) by using an ELISA kit.

Human hepatic BMP8B mRNA expression was measured in the liver tissue of control and

NASH patients. In addition, BMP8B expression was confirmed by immunohistochemistry

analysis. Furthermore, hepatic BMP8B mRNA expression was measured in wild type (WT)

mice, WT mice fed with choline deficient high fat diet (WT+CDHF), iNOS (inducible nitric

oxide synthase) knockout (iNOS-/-) mice, iNOS-/- fed with CDHF diet (iNOS-/-+CDHF).

Results

Increased circulatory BMP8B levels and BMP8B mRNA expression in hepatic tissue were

significantly higher in NASH patients as compared with the control subjects. BMP8B expres-

sion was increased parallel to the fibrosis score in the hepatic tissues of NASH patients. It

was observed that increased BMP8B levels have shown a significant positive correlation

between aspartate aminotransferase (r = 0.31, p = 0.005), alanine aminotransferase (r =
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0.23, p = 0.045), APRI (r = 0.30, p = 0.009), and Fib-4 score (r = 0.25, p = 0.036) in NASH

patients. BMP8B has maintained a significant association with NASH and shown high sensi-

tivity (92.91%) and specificity (92.73%) in NASH patients. Furthermore, increased BMP8B

mRNA expression levels were observed in iNOS-/-+CDHF mice.

Conclusion

Our study findings confirmed that BMP8B increases with the severity of the disease and

BMP8B shows potential as a non-invasive predictive biomarker to identify NAFLD progres-

sion. However, future studies should investigate circulatory BMP8B levels in a large number

of patients and also its impact on liver during NAFLD progression.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a prominent liver disease characterized by lipid

accumulation in the hepatocytes. It is now becoming an emerging global public health issue

and is considered as a widespread chronic liver disease associated with metabolic diseases [1–

3]. NAFLD is a spectrum of liver diseases with pathological stages varying from simple hepatic

steatosis (lipids accumulation) to fibrosis, through non-alcoholic steatohepatitis (NASH) (fatty

liver and inflammation), and eventually leads to cirrhosis and hepatocellular carcinoma [4,5].

Early diagnosis of NAFLD is essential for effective treatment planning to halt its progression

[6]. Till now, liver biopsy is the only diagnostic tool considered as the “gold standard” method

to confirm or rule out NAFLD/NASH which is an invasive procedure [7–9]. To overcome this,

many non-invasive biomarkers have been developed in the recent years [10]. There is a need

for non-invasive testing that can address diagnostic and risk stratification challenges in

NAFLD development and progression [11]. Therefore, biomarkers that can be used non-inva-

sively for diagnosing and detecting NASH are urgently needed.

The liver closely communicates with adipose tissue [12] and many studies have identified

adipokines as key determinants in NAFLD pathogenesis. However, their role as predictors of

the disease remains unexplored. One such secreted adipokine which is induced by obesity and

a high-fat diet and has been recently identified to induce hepatic steatosis and inflammation in

the in-vitro and in-vivo steatotic models of NAFLD is BMP8B [13]. BMP8B is a bone morpho-

genetic protein (BMPs), a member of the transforming growth factor β (TGF-β) family [14].

BMP signaling is involved in multiple cellular processes and physiological functions. It is nec-

essary for the early developmental processes of cell growth, apoptosis, and differentiation [15–

18]. Recent findings affirmed that the liver is the main target for BMPs and its main function

is to maintain iron homeostasis in liver physiology [19]. BMPs form a ligand with TGF-β and

exert their specific effects mainly on inflammation and fibrosis [13].

BMP8B expression has been found in mature brown adipocytes [20,21] and hypothalamus

tissues [22]. Brown adipose tissue (BAT), which is a hub for BMP8B can also generate nitric

oxide (NO) through inducible nitric oxide synthase (iNOS). BMP8B has been studied in the

context of its expression in in-vitro models and in-vivo models [13]. A recent study has shown

that elevated BMP8B expression was observed in the hepatocytes of mice and humans [23].

However, the use of circulatory BMP8B levels as a non-invasive biomarker in humans has not

yet been analyzed. Therefore, in the present study, we assessed the circulatory levels of BMP8B

in NAFLD/NASH patients and their association with the disease development and

progression.
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Materials and methods

Clinical study population

A total of 205 subjects, both male and female aged between 20–70 years were included. The

present cross-sectional study was initiated in the month of March 2022 with prior approval

from the Institutional Ethics Committee of the Downtown hospital, Guwahati, and the Insti-

tute of Liver and Biliary Sciences (ILBS), New Delhi. The written informed consent form was

obtained from all the subjects before their involvement in the study. The procedures were fol-

lowed as per the principles mentioned in the Declaration of Helsinki.

This study consisted of 56 healthy control subjects (Group 1), 72 NAFL patients (Group 2),

and 77 NASH patients (Group 3). Group 1 control subjects had no history of NAFLD (con-

firmed by ultrasound report), hypertension, T2DM, or any other diseases. Liver function tests,

blood glucose levels, and lipid profile reports were normal. Group 2 NAFL patients were diag-

nosed by right upper quadrant ultrasound imaging technique and Group 3 NASH patients

were diagnosed using liver stiffness measurement (LSM) (cutoff value�8 kPa) and controlled

attenuation parameter (CAP) (cutoff value�238 dB/m) by fibroscan report or liver biopsy

procedure to confirm the presence of NASH phenotypic features such as simple steatosis and

inflammation with or without fibrosis. Most of the NASH patients (88.31%) were diagnosed

by liver biopsy procedure. Additionally, laboratory findings (liver function tests) were also

taken into consideration. We excluded patients with viral hepatitis, autoimmune hepatitis, and

any other liver diseases; cardiovascular disease; impaired kidney function; malignancies; his-

tory of abdominal surgery and patients with alcohol intake exceeding 20 g/day.

Data and sample collection

The required information like demographic details (age, gender), anthropometric details

(height, weight, BMI), and history of smoking and alcohol consumption were collected from

all the subjects from March 2022 to January 2023. All the participants information was kept

confidential during or after data collection.

Blood samples were collected from the study participants by venipuncture. After 30 minutes

of blood collection, centrifugation was done at 1500g for 15 minutes at 4˚C. Finally, the serum

samples of the included subjects were collected and stored at -80˚C until analysis. All the

required laboratory biochemical parameters were measured as per the standard procedures by

using an automated biochemistry analyzer [RX Daytona+, Randox laboratories, UK]. Non-

invasive markers were calculated [24] as follows: a) AST/ALT ratio (aspartate aminotransfer-

ase/alanine aminotransferase), b) APRI (AST to Platelet Ratio Index) = [(AST/ AST upper

limit of the normal range) X 100]/Platelet Count, c) HSI (hepatic steatosis index) = 8 × (ALT/

AST ratio) + BMI (+2, if female; +2, if diabetes mellitus), d) FIB-4 (fibrosis-4) score = Age

(years)×AST (U/L)/[PLT (109/L)×ALT1/2 (U/L)], e) NFS (NAFLD fibrosis score) = [−1.675

+ 0.037 –age (years) + 0.094 –BMI (kg/m2) + 1.13 × IFG/diabetes (yes = 1,no = 0)

+ 0.99 × AST/ALT ratio– 0.013 × platelet count (×109/l)– 0.66 × albumin (g/dl)].

Liver tissue samples were collected from NASH patients who underwent liver biopsy

(n = 5) and control subjects who were healthy liver donors (n = 4).

Serum BMP8B measurement

The quantitative sandwich enzyme immunoassay technique was used for measuring BMP8B

in human serum samples [CUSABIO, Catalog No. CSBEL002746HU], with intra- and inter-

assay precision having coefficients of variation <8.0% and <10.0% respectively for BMP8B.

The assay was performed as per the manufacturer’s instructions and the standard curve was
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generated. The optical density for BMP8B was determined by using a SpectraMax1Multi-

Mode Microplate Reader [Molecular Devices, California] at 450nm and subtracting the values

obtained at 540nm.

BMP8B mRNA expression

a) RNA isolation from human liver tissue. RNA was isolated from human (n = 4 control

subjects; n = 5 NASH patients) liver tissue (approx 100mg each), using TRIzol reagent, after

washing with phosphate-buffered saline solution. To approximately 75-100mg of liver tissue, 1

mL of TRIzol reagent was added and homogenized with a sterile pellet pestle probe. 150μl of

chloroform was added to it, vortexed, allowed to stand at room temperature for 5 minutes, and

centrifuged. The upper colorless aqueous layer which contains RNA was transferred to a new

clean tube. To this tube, an equal amount of isopropyl alcohol was added and centrifuged. The

supernatant was removed completely and the RNA pellet was resuspended by adding 75%

molecular-grade ethanol. Finally, centrifugation was done and the supernatant was removed.

The RNA pellet was completely air-dried and then dissolved in 100μL of nuclease-free water.

b) Quantification of mRNA and cDNA synthesis. The integrity of RNA was visually

observed by focusing on 18S and 28S ribosomal bands on 1% agarose gel. The purity and con-

centration of RNA were checked by using a Nanodrop spectrophotometer [Epoch™ Multi-Vol-

ume Spectrophotometer System, Thermo Scientific, USA]. Next, 1μg of total RNA was used

for cDNA synthesis and this process was done by following the protocol of the Revert Aid First

Strand cDNA synthesis kit [Thermo Scientific™]. After cDNA synthesis, a real-time polymer-

ase chain reaction (RT-PCR) [QuantStudio™ 5 Real-Time PCR System] was used to check the

BMP8B gene expression.

c) Primer design and real time-PCR. BMP8B primer design was done by Primer 3 soft-

ware. cDNA was analyzed using Absolute SYBR™ Green PCR Master Mix (Takara, Japan). The

reaction consisted of cDNA, forward primer, reverse primer, SYBR Green, and nuclease-free

H2O. The samples were run in duplicate with the following cycling parameters: 1 cycle of 95˚C

for 10 minutes, 40 cycles of 95˚C for 15 seconds, 40 cycles of 58˚C for 30 seconds, 40 cycles of

72˚C for 30 seconds, 1 cycle of 72˚C for 5 minutes concluding with 4˚C for 2 minutes. The

results were analyzed by matched software. Fold change expression of the gene was determined

by normalizing to internal control 18S rRNA expression and presented as the 2^-ΔΔCt formula.

Immunohistochemistry (IHC) analysis

Liver tissue samples were collected from control subjects (n = 4) and NASH patients with

fibrosis scores F0 (n = 4), F2 (n = 4), and F3 (n = 4), followed by tissue fixation, and stained

with Hematoxylin and Eosin (H&E). BMP8B immunohistochemistry was performed on tissue

sections using primary monoclonal rabbit antibodies (CSB-PA050097) and the assay was per-

formed by following the standard procedure. The staining was observed under a microscope

and images were taken at 40X.

Animal study

Animal experimentation. The animal experiment was started only after getting the approval

from Institutional Animal Ethical Committee of Translational Health Science and Technology

Institute (THSTI), Faridabad. Adult male wild-type (WT) (C57BL/6J), and iNOS knockout

(iNOS-/-) mice of age 8–12 weeks and weight 20–25 g were obtained from the animal house of

THSTI, Faridabad. Animals were acclimatized to surrounding environmental conditions for one

week prior to experimental procedures. They were housed in IVC cages (individually ventilated

cages) and maintained at an ambient temperature of 22–25 ± 1˚C with a 12:12 hr light/dark cycle.
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Experimental study diets. Choline deficient High-Fat Diet (CDHF) was used for develop-

ing the NAFLD and NASH animal model. CDHF diet was purchased from Research Diets,

Inc., New Brunswick, NJ (D05010403), and the Chow diet from Altromin International, Gmb

H, Lage/Lippe (1324). The CDHF diet was supplemented with 60% Kcal fat.

Study design and sample collection. Animals were randomly assigned into the following

four experimental groups: (a) WT mice (n = 5); (b) WT+CDHF (n = 5); (c) iNOS-/- mice

(n = 5); (d) iNOS-/- +CDHF (n = 5). Among them, the control group mice (WT and iNOS-/-)

were fed with a chow diet and the disease group mice (WT+CDHF and iNOS-/-+CDHF) were

fed with CDHF diet for about 10 weeks and provided water ad libitum for unless otherwise

stated. At the end of the study (10th week), animals were kept on fasting for atleast 6 hours, fol-

lowed by blood collection and plasma separation for analysis. Subsequently, the animals were

sacrificed using CO2; the liver was collected and subjected to gross pathological examination,

mechanistic study, and histopathological analyses for individual mice of each group. All the

samples were stored at -80˚C immediately for further use.

Gene expression analysis in mice. Briefly, RNA isolation was carried out from the liver

tissue of all groups using Trizol Reagent (T9424, Sigma-Aldrich). Quantitative and qualitative

assessment of RNA was done by using a NanoDrop spectrophotometer. cDNA synthesis was

carried out via reverse transcription and amplified by real-time PCR. The data were normal-

ized with reference gene 18S ribosomal RNA (18S rRNA) expression. The details of primer

sequences are given in S1 Table.

Statistical analysis

Data are expressed as mean ±SD and median [Inter-quartile range (IQR)] for continuous vari-

ables with normal distribution and skewed distribution respectively. Categorical data are pre-

sented as numbers. Ordinary one-way ANOVA followed by Tukey’s multiple comparison test

was applied for parametric data, whereas, Kruskal-Walli’s test followed by Dunn’s multiple

comparison was applied for non-parametric data to check the statistical significance between

the groups. In order to find out the correlation between BMP8B and other parameters, Spear-

man’s correlation analysis was performed. Univariate and multivariate binary logistic regres-

sion analysis was also performed to find the relation between BMP8B and covariates. Receiver-

operating characteristic (ROC) analysis was used to derive the sensitivity and specificity of

BMP8B and other non-invasive markers. The statistical significance was set at p<0.05. All sta-

tistical analyses were performed using GraphPad prism 8 software, Inc, La Jolla, CA.

Results

Clinical and biochemical characteristics of included subjects

A total of 205 patients from three groups (Control, NAFL, and NASH) were included in this

study. Interestingly, age, weight, BMI, all biochemical characteristics (except LDL), and non-

invasive markers were found to be statistically significant across the groups. Among study pop-

ulation, male patients were more in number when compared to that of female patients. The

detailed information related to socio-demographic characteristics, biochemical characteristics

and non-invasive markers was represented in Table 1.

Measurement of serum BMP8B levels

Serum BMP8B levels were measured in the subjects of control, NAFL, and NASH groups. It

was observed that circulatory BMP8B levels were significantly higher in NAFL patients when

compared with the control subjects. Correspondingly, circulatory BMP8B levels were found to
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be significantly higher in NASH patients [mean±SD: 149.6±70.55] than in healthy control

individuals [median (25th-75th quartile): 7.34 (0.85–15.12)] and NAFL patients [median (25th-

75th quartile): 31.15 (18.59–68.03)] (Fig 1). Additionally, subgroup analysis was conducted

within NAFL group based on the degree of fatty liver (Grade-1 (n = 32), Grade-2 (n = 28), and

Table 1. Clinical and biochemical characteristics of included subjects.

Characteristics Control (n = 56) NAFL (n = 72) NASH (n = 77) p-value

Socio-demographic characteristics

Age (years) 32.27±9.17 42.18±13.53a 52.12±12.60a,b <0.0001

Gender (M:F), (n) 33:23 55:17 56:21 -

BMI (kg/m2) 23.01±3.39 26.37 (23.87–30.30)a 28.99±5.70a <0.0001

Alcohol consumption (n) -

Former 3 11 7

Current 1 6 4

Never 52 55 66

Smoking (n) -

Former 2 8 7

Current 4 5 3

Never 50 59 67

Diabetes (n) 0 9 20 -

Other complications (n) 3 16 8 -

Biochemical characteristics

Glucose (mg/dl) 82.60 (74–94.69) 87.52 (78.38–99.96) 107 (89.99–127.8)a,b <0.0001

AST (U/L) 28.35±10.38 34.41 (28.87–53.32)a 44.67 (35.00–65.00)a,b <0.0001

ALT (U/L) 23.96 (15.89–32.93) 35.15 (22.00–60.60)a 43.00 (31.15–62.50)a <0.0001

ALP (U/L) 74.68±19.70 91.97 (71.96–122.2)a 104.5 (88.25–150.4)a,b <0.0001

Albumin (g/dl) 4.57±0.35 4.56±0.37 3.62±0.76a,b <0.0001

Total protein (g/dl) 7.78±0.55 7.73±0.54 7.47 (6.90–7.99)a,b 0.0008

Total cholesterol (mg/dl) 158.6±24.99 177.4±35.44a 184.2±38.22a 0.0006

Triglycerides (mg/dl) 94 (68.86–128.5) 118.2 (85.65–170.6)a 101.7 (72.68–152.9) 0.01

HDL (mg/dl) 40.05 (36–48.10) 41.61±8.66 31.62±10.64a,b <0.0001

LDL (mg/dl) 117.9±38.55 118.8 (94.68–155.2) 122.9±35.75 0.73

Creatinine (mg/dl) 0.90±0.14 0.98±0.18 0.85 (0.68–1.02)b 0.04

Uric acid (mg/dl) 4.70 (3.83–5.80) 5.96±1.38a 6.13±1.92a <0.0001

BUN (mg/dl) 6.61±1.81 7.71 (5.74–9.53) 8.18 (5.50–12.70)a 0.002

Platelets (10^9/L) 182.00±64.05 162.90±63.68 130.6±58.48a,b <0.0001

Non-invasive markers

APRI 0.37 (0.28–0.52) 0.56 (0.39–0.98)a 1.02 (0.57–1.93)a,b <0.0001

AST/ALT 1.08 (0.92–1.53) 0.95 (0.76–1.45) 1.19±0.50 0.34

HSI 31.12±4.17 36.62±6.87a 37.76±7.60a <0.0001

FIB-4 0.92 (0.66–1.44) 1.54 (1.13–2.29)a 3.14 (2.02–6.32)a,b <0.0001

NFS -2.55±1.19 -1.44±1.41a 0.33±1.75a,b <0.0001

BMP8B 7.34 (0.85–15.12) 31.15 (18.59–68.03)a 149.6±70.55a,b <0.0001

Data are presented as mean±SD for parametric and median (25th-75th percentile) for non-parametric data. Ordinary one-way ANOVA followed by Tukey’s multiple

comparison test was applied for parametric data, whereas, Kruskal-Walli’s test followed by Dunn’s multiple comparison was applied for non-parametric data. p-value

<0.05 was considered statistically significant. acompared to control group, bcompared to NAFL group. Abbreviations: BMI: body mass index; AST: aspartate

aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; HDL: high density lipoprotein; LDL: low density lipoprotein; BUN: blood urea nitrogen;

APRI: AST-to-platelet ratio index; HIS: hepatic steatosis index; FIB-4: fibrosis-4; NFS: NAFLD fibrosis score; BMP8B: Bone morphogenetic protein-8B.

https://doi.org/10.1371/journal.pone.0295839.t001
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Grade-3 (n = 12)) and we observed that circulatory BMP8B levels have shown statistically sig-

nificant differences among the study groups (p = 0.0002). It was also observed that circulatory

BMP8B levels are significantly higher in Grade-2 NAFL group (p = 0.03) and Grade-3 NAFL

group (p = 0.0002) when compared to the Grade-1 NAFL group (S1 Fig). The correlation was

performed and found that a significant positive correlation exists between the degree of fatty

liver and BMP8B levels (r = 0.477; p<0.0001) (S1 Fig).

BMP8B mRNA expression in hepatic tissue

We also analyzed BMP8B mRNA expression in liver biopsies of healthy controls (n = 4) and

NASH subjects (n = 5). The results showed a significantly higher mRNA expression of BMP8B

in NASH patients than in healthy control individuals (Fig 2). Further, to confirm the expres-

sion of BMP8B in the liver tissue of NASH patients based on fibrosis score, IHC analysis was

performed. It was observed that the expression of BMP8B was increased in parallel to the

Fig 1. Serum concentration of BMP8B. BMP8B concentration (pg/ml) was measured in serum samples of control

(n = 56), NAFL (n = 72), and NASH (n = 77) patients by using an ELISA kit. Kruskal-Wallis One-way ANOVA

followed by Dunn’s multiple comparison test was applied to check the statistical significance between the groups.

***p = 0.0001, #p< 0.0001. Abbreviations: BMP8B: Bone morphogenetic protein-8B; NAFLD: Non-alcoholic fatty

liver disease; NASH: Non-alcoholic steatohepatitis; ELISA: enzyme-linked immunosorbent assay.

https://doi.org/10.1371/journal.pone.0295839.g001
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fibrosis score. Liver tissue with fibrosis score F0 has shown minimal expression while liver tis-

sue with fibrosis score F3 has shown the highest expression of BMP8B (Fig 3).

Association of BMP8B with biochemical parameters and non-invasive

biomarkers

We evaluated the correlation of serum BMP8B levels with biochemical characteristics and

non-invasive biomarkers of study participants. The results have shown that a significant posi-

tive correlation exists between serum BMP8B levels and alkaline phosphatase (ALP) (r = 0.35,

p = 0.029), APRI (r = 0.25, p = 0.049), Fib-4 score (r = 0.26, p = 0.037), whereas, a significant

negative correlation exists between high-density lipoproteins (HDL) and serum BMP8B levels

(r = -0.36, p = 0.009) in NAFL patients. Similarly, a significant positive correlation exists

between serum BMP8B levels and aspartate aminotransferase (AST) (r = 0.31, p = 0.005), ala-

nine aminotransferase (ALT) (r = 0.23, p = 0.045), APRI (r = 0.30, p = 0.009), Fib-4 score

(r = 0.25, p = 0.036) in NASH patients (Fig 4) (S2 Fig).

Circulatory BMP8B as an independent predictor

As the circulatory BMP8B levels were significantly higher in NAFLD and NASH patients

when compared with the healthy controls, we performed logistic regression analysis separately

for the NAFL (Table 2) and NASH (Table 3) groups. Univariate logistic regression analysis

Fig 2. Hepatic BMP8b mRNA expression. RT-PCR was used to measure BMP8b mRNA expression in liver tissues of

control subjects (n = 4) and NASH patients (n = 5). Fold change was normalized to 18S rRNA. Data were expressed as

mean ± SD. *p< 0.05 was considered statistically significant. Abbreviations: BMP8B: Bone morphogenetic protein-

8B; NASH: Non-alcoholic steatohepatitis; RT-PCR: Real-time polymerase chain reaction.

https://doi.org/10.1371/journal.pone.0295839.g002
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revealed that BMP8B along with other significant variables were identified as predictors of

NAFL and NASH. In addition, multivariate logistic regression analysis was performed by

adjusting some confounding factors that might alter the levels of BMP8B. In model 1 (unad-

justed), AST (OR:1.06, 95%CI:1.00–1.11, p = 0.032) and ALP (OR:1.01, 95%CI:1.00–1.03,

p = 0.025) were predictors of NAFL, whereas, BMP8B act as an independent predictor of

NASH. In model 2, after adjusting for smoking and alcohol history, the results have shown

Fig 3. Immunohistochemistry (IHC) analysis of BMP8b expression. IHC analysis was performed in liver tissues of

healthy controls and NASH patients. Liver tissues were stained with Hematoxylin and eosin (H&E) staining and then

immunostained with BMP8b antibody. A) Control (n = 4), B) F0—No fibrosis (n = 4), C) F2—Moderate fibrosis

(n = 4), D) F3—Severe fibrosis (n = 4). The arrows indicate the immune reaction in hepatocytes.

https://doi.org/10.1371/journal.pone.0295839.g003

Fig 4. Correlation analysis of BMP8B with biochemical parameters in A) NAFL patients (n = 72), B) NASH

patients (n = 77). Abbreviations: BMP8B: Bone morphogenetic protein-8B; AST: Aspartate aminotransferase; ALT:

Alanine aminotransferase; ALP: Alkaline phosphatase; TC: Total cholesterol; TG: Triglycerides; LDL: low-density

lipoprotein; HDL: high density lipoprotein; BUN: Blood urea nitrogen.

https://doi.org/10.1371/journal.pone.0295839.g004
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that AST (OR:1.05, 95%CI:1.00–1.11, p = 0.043) and ALP (OR:1.02, 95%CI:1.00–1.04,

p = 0.014) have maintained significant association with NAFL, whereas, former alcohol con-

sumers (OR:0.00, 95%CI:0.00–0.77, p = 0.039), current alcohol consumers (OR:0.00, 95%

CI:0.00–0.75, p = 0.044), glucose (OR:1.06, 95%CI:1.00–1.12, p = 0.035), AST (OR:1.21, 95%

CI:1.02–1.43, p = 0.029), HDL (OR:0.80, 95%CI:0.66–0.97, p = 0.027), and BMP8B (OR:1.04,

95%CI:1.01–1.07, p = 0.001) were predictors of NASH. In model 3, after adjusting for con-

founding factors such as age, gender, and BMI, the results have shown that BMP8B (OR:1.02,

95%CI:1.00–1.03, p = 0.011) was an independent predictor for NASH but not for NAFL.

ROC curve analysis of BMP8B

After confirming BMP8B as an independent predictor for NASH, we performed ROC curve

analysis to discriminate NASH from healthy controls and to determine the diagnostic predic-

tive value of BMP8B for NASH. The area under the ROC curve provided an outstanding result

of 0.96 (95% confidence interval: 0.92–0.99; p<0.0001). The cut-off value for BMP8B was

found to be>51.59 pg/ml with 92.21% sensitivity (95%CI: 84.02% to 96.38%) and 92.73%

specificity (95%CI: 82.74% to 97.14%) respectively (Fig 5). It was found that BMP8B has

shown outstanding results when compared with the ROC values of established non-invasive

biomarkers (S2 Table).

BMP8B mRNA expression in liver tissue of mice

We explored BMP8B expression in two different mice models of NASH. At first, we have ana-

lyzed BMP8B mRNA expression in the liver of WT mice (n = 5) and WT mice fed with choline

Table 2. Logistic regression analysis: Control vs NAFL subjects.

Variables Univariate analysis Multivariate analysis

Model-1 Model-2 Model-3

Odds ratio (95% CI) p-value Odds ratio (95% CI) p-value Odds ratio (95% CI) p-value Odds ratio (95% CI) p-value

Age (yrs)

Gender (Male)

1.08 (1.04–1.12)

2.25 (1.05–4.82)

0.000

0.036

1.05 (1.01–1.10)

2.89 (0.89–9.37)

0.013

0.076

BMI (kg/m2) 1.41 (1.22–1.63) 0.000 1.37 (1.14–1.66) 0.001

Smoking history (Former) 2.91 (0.58–14.67) 0.194 0.63 (0.08–4.84) 0.659

Smoking history (Current) 1.04 (0.26–4.08) 0.953 0.17 (0.01–1.91) 0.152

Alcohol consumption (Former) 3.85 (1.02–14.43) 0.045 5.78 (1.18–28.21) 0.030

Alcohol consumption (Current) 5.77 (0.67–49.65) 0.110 3.48 (0.25–48.34) 0.352

Glucose (mg/dl) 1.01 (0.99–1.02) 0.172

AST (U/L) 1.08 (1.04–1.12) 0.000 1.06 (1.00–1.11) 0.032 1.05 (1.00–1.11) 0.043 1.05 (0.99–1.11) 0.081

ALT (U/L) 1.03 (1.01–1.06) 0.001 1.00 (0.97–1.03) 0.802 1.00 (0.97–1.03) 0.718 1.00 (0.97–1.03) 0.758

ALP (U/L) 1.02 (1.01–1.04) 0.000 1.01 (1.00–1.03) 0.025 1.02 (1.00–1.04) 0.014 1.01 (0.99–1.03) 0.175

Total cholesterol (mg/dl) 1.00 (0.99–1.01) 0.870

Triglycerides (mg/dl) 1.00 (0.99–1.01) 0.101

HDL (mg/dl) 0.98 (0.94–1.01) 0.309

LDL (mg/dl) 1.00 (0.99–1.01) 0.515

BMP8B (pg/ml) 1.01 (1.00–1.02) 0.02 1.00 (0.99–1.02) 0.161 1.00 (0.99–1.02) 0.177 1.00 (0.99–1.01) 0.743

Model-1: Unadjusted (considered the variables which are significant in univariate analysis); Model-2: Adjusted for alcohol consumption and smoking history; Model-3:

Adjusted for age, gender, BMI.

Abbreviations: BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; HDL: high density lipoprotein;

LDL: low density lipoprotein; BMP8B: bone morphogenetic protein-8B.

https://doi.org/10.1371/journal.pone.0295839.t002
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deficient-high fat (CDHF) diet (WT+CDHF) (n = 5) for 10 weeks and found that BMP8B

mRNA expression in WT+CDHF mice was higher but not significant (Fig 6). Secondly, we

analyzed BMP8B mRNA expression in the liver of iNOS knock-out (iNOS-/-) mice (n = 5)

and iNOS-/- mice fed with choline deficient-high fat (CDHF) diet (iNOS-/-+CDHF) (n = 5)

after 10 weeks and found that BMP8B expression in iNOS-/-+CDHF mice was significantly

higher (Fig 6).

Discussion

NAFLD is characterized as the accumulation of fat in the liver and excludes some causes of fat

deposits in the liver like significant alcohol consumption, certain medications, etc. [25]. With

the increase in the prevalence of NAFLD, there is an increase in the demand for accurate diag-

nosis and effective therapeutic management of NAFLD/NASH. Furthermore, there is a lack of

awareness about the consequences/risk factors of NAFLD development and progression [26]

as well as a lack of knowledge on biomarker performance. In order to develop a better therapy,

clinical trials should be conducted involving NASH patients [27]. Identification of NASH

patients can be done by liver biopsy, which is generally not recommended procedure for

recruiting into clinical trials. Therefore, considering all these consequences, there is an urgent

need for developing non-invasive biomarkers. In order to develop a precise non-invasive bio-

marker, research has been emerging in the field of NAFLD. Research studies have demon-

strated that the adipokines are involved in NAFLD development and progression by

intervening in various activities like steatosis, inflammation, fibrosis, and liver cell death

[28,29]. In this study, we opted for BMP8B, an adipokine, and would like to explore the role of

Table 3. Logistic regression analysis: Control vs NASH subjects.

Variables Univariate analysis Multivariate analysis

Model-1 Model-2 Model-3

Odds ratio (95% CI) p-value Odds ratio (95% CI) p-value Odds ratio (95% CI) p-value Odds ratio (95% CI) p-value

Age (yrs) 1.15 (1.10–1.21) 0.000 1.14 (0.95–1.31) 0.281

Gender (Male) 1.85 (0.89–3.86) 0.09 5.66 (0.27–117.08) 0.262

BMI (kg/m2) 1.35 (1.20–1.51) 0.000 1.62 (0.82–3.20) 0.161

Smoking history (Former) 0.06 (0.00–2.00) 0.120

Smoking history (Current) 0.44 (0.00–1780.51) 0.849

Alcohol consumption (Former) 0.00 (0.00–0.77) 0.039

Alcohol consumption (Current) 0.00 (0.00–0.75) 0.044

Glucose (mg/dl) 1.03 (1.01–1.05) 0.000 1.01 (0.98–1.03) 0.296 1.06 (1.00–1.12) 0.035 1.01 (0.98–1.05) 0.325

AST (U/L) 1.10 (1.05–1.15) 0.000 1.09 (0.98–1.20) 0.089 1.21 (1.02–1.43) 0.029 1.01 (0.91–1.12) 0.741

ALT (U/L) 1.07 (1.03–1.10) 0.000 0.99 (0.94–1.04) 0.750 0.95 (0.87–1.04) 0.304 1.05 (0.96–1.15) 0.253

ALP (U/L) 1.05 (1.03–1.07) 0.000 1.03 (0.99–1.06) 0.059 1.02 (0.99–1.06) 0.139 1.03 (0.97–1.08) 0.250

Total cholesterol (mg/dl) 1.00 (0.99–1.01) 0.273

Triglycerides (mg/dl) 1.00 (0.99–1.00) 0.992

HDL (mg/dl) 0.89 (0.85–0.93) 0.000 0.80 (0.66–0.97) 0.027 0.93 (0.80–1.07) 0.356

LDL (mg/dl) 1.00 (0.99–1.01) 0.454

BMP8B (pg/ml) 1.03 (1.02–1.05) 0.000 1.03 (1.01–1.04) 0.000 1.04 (1.01–1.07) 0.001 1.02 (1.00–1.03) 0.011

Model-1: Unadjusted (considered the variables which are significant in univariate analysis); Model-2: Adjusted for alcohol consumption and smoking history; Model-3:

Adjusted for age, gender, BMI.

Abbreviations: BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; HDL: high density lipoprotein;

LDL: low density lipoprotein; BMP8B: bone morphogenetic protein-8B.

https://doi.org/10.1371/journal.pone.0295839.t003
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BMP8B as a predictive biomarker that might be used to diagnose or detect the progression of

NAFLD non-invasively.

Interestingly, this is the first study which reports increased circulatory BMP8B levels in

NASH patients when compared with NAFL patients and healthy controls. Among healthy

controls and NAFL patients, the circulatory BMP8B levels are more in NAFL patients and

found that serum BMP8B levels raised were disease-stage-dependent in humans. Similarly, ele-

vated levels of other BMPs such as BMP4, BMP7, BMP9 were associated with atherosclerosis,

hepatic cancer, and metabolic syndrome respectively [30–32]. Furthermore, we checked and

observed an upregulated BMP8B expression in the hepatic tissue of NASH patients. Previous

studies have reported that the expression of BMPs, especially BMP2 [33], BMP6 [34], and

BMP8B [13] was upregulated in the hepatic tissue of NASH patients. Our study findings are

consistent with the above study findings and conclude that BMPs might play a major role dur-

ing the pathophysiology of disease progression. Additionally, immunohistochemistry analysis

revealed that expression of BMP8B was increased parallelly to the disease progression. This

data suggests that liver tissue is another source of BMP8B during the progressive stages of

NAFLD. Usually, BMP8B is not necessary for normal liver function and it is secreted from

some other sources. Future studies should investigate on preventing its secretion or activity so

that it might be useful to halt NAFLD development and progression. Future studies should

Fig 5. Receiver operator characteristic (ROC) curve analysis of BMP8B. Serum BMP8B concentrations of healthy

controls and NASH patients were used for ROC curve analysis. AUC = 0.96; sensitivity = 92.21%; specificity = 92.73%.

https://doi.org/10.1371/journal.pone.0295839.g005
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provide other mechanisms that may influence BMP8B expression in liver tissue other than

steatosis [23]. It was observed that BMP8B acts as a pioneer in NASH progression [13]. As

there are a very limited non-invasive biomarkers so far, BMP8B could be one of the biomark-

ers which shows promising results in discriminating NASH patients from healthy individuals.

Generally, routine blood tests, specifically liver function parameters are used for diagnosis

of NAFLD. Elevated levels of liver enzymes are associated with NAFLD pathogenesis. For

instance, ALT levels are associated with NAFLD progression [35], AST levels are associated

with NASH diagnosis [36], whereas, elevated ALP levels [37] and reduction of HDL levels are

associated with NAFLD development [38]. The variations in the levels of liver enzymes may

depend on the duration of the disease. However, some studies showed that patients with nor-

mal transaminase levels had the histological features of disease progression. Hence, we cannot

completely rely on liver enzymes for disease diagnosis [39,40]. Moreover, non-invasive tests

such as fibrosis-4 (FIB-4) and NAFLD fibrosis score (NFS), and AST-to-platelet ratio index

(APRI) are generally recommended as diagnostic markers by EASL-EASD-EASO Clinical

Practice Guidelines [41]. Among them, FIB-4 and NFS are mostly used in primary healthcare

settings to rule out advanced fibrosis. However, these non-invasive markers need to be calcu-

lated based on specific parameters such as age, BMI, platelets, AST, ALT, and albumin.

Notably, these markers have not been used routinely in diagnosing the diseases [10]. Our

study findings have shown that serum BMP8B levels were positively correlated with ALP,

APRI, and FIB-4 in NAFLD patients, AST, ALT, APRI, and FIB-4 in NASH patients, whereas,

a negative correlation was observed with HDL in NAFL patients. These results suggest that

BMP8B might be used for diagnosis purposes as that of liver function parameters. It was

believed that developing non-invasive biomarkers might be useful for risk stratification. One

Fig 6. Hepatic BMP8B mRNA expression in mice. Liver tissues were collected from 10 weeks mice fed with chow

and CDHF diet. Further, BMP8B mRNA expression was measured by using RT-PCR. Fold change was normalized to

18S rRNA. Data were expressed as mean ± SD. *p<0.05 was considered statistically significant with the corresponding

group. A) WT (n = 5) vs WT + CDHF (n = 5). B) iNOS-/- (n = 5) vs iNOS-/- + CDHF (n = 5). Abbreviations: BMP8B:

Bone morphogenetic protein-8B; CDHF: Choline deficient high fat; WT = wild type; iNOS-/-: inducible nitric oxide

synthase knock out.

https://doi.org/10.1371/journal.pone.0295839.g006
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of the interesting findings of the present study is that circulatory BMP8B levels have main-

tained a significant association with NASH in multivariate logistic regression analysis. Going

further, from our available data, the BMP8B cut-off value of>51.59pg/ml was used to discrim-

inate between healthy control subjects and NASH patients. Previous study has shown that

FIB-4, NFS and APRI can be used to detect the progression of the disease, instead of using

liver biopsy [42]. Besides, our study findings revealed that BMP8B has high sensitivity and

specificity in detecting NASH patients when compared with the other non-invasive biomark-

ers that are used in clinical settings in regular intervals. Based on these observations, we con-

clude that BMP8B can be used as a non-invasive predictive biomarker for NASH and

recommend conducting more studies on BMP8B around the world to certify BMP8B as a

non-invasive predictive biomarker in the field of NAFLD.

Altogether, our results revealed that BMP8B levels increased with the severity of the disease

in both circulatory levels (ELISA method) and in biopsy-proven NASH liver tissue samples

(IHC analysis). Further, we investigated whether the same findings of BMP8B upregulation

was applicable during disease progression in NASH animal models. In the present study, we

have chosen two animal models of NASH in which CDHF diet was used to develop the pheno-

types of NASH such as hepatic fat accumulation, lobular inflammation, and hepatocyte bal-

looning [43]. During the development of NASH phenotypes, hepatic stellate cells (HSCs) will

get activated which thereby implicates the occurrence of BMP8B [44,45]. Typically, iNOS

expression has not been shown in ordinary conditions. Most of the studies have indicated that

iNOS (inducible nitric oxide synthase) and NO (nitric oxide) play a crucial role in disease

development particularly, which are associated with inflammation like NASH [46]. Although

the absence of iNOS is expected to observe less NASH phenotype, the reality is different. A

previous study has shown that iNOS-/- mice has more tendency to fat accumulation in the

liver when compared to wild-type (WT) mice [47]. As expected, our unpublished data showed

that iNOS-/- mice showed more NAFLD phenotype i.e., higher fat accumulation and inflam-

mation compared to wild type mice. Therefore, we have checked the BMP8B gene expression

in both wild-type and iNOS-/- NAFLD mice models to understand if BMP8B expression

depends on NAFLD progression and complexity. In our data, we have observed changes in

BMP8B levels in the WT+CDHF diet group compared to the WT group. However, changes

were not significant. This might be due to protection from iNOS-derived NO production. As

expected, iNOS-/-+CDHF mice model showed severe phenotypic changes along with higher

BMP8B levels in the liver when compared to the WT+CDHF mice model. Together, the

human and animal data showed that the liver is another source of BMP8B. In addition,

BMP8B could induce lipid accumulation, activation of NF-κB, and upregulation of pro-

inflammatory gene expression in hepatocytes [23]. Moreover, BMP8B could be a molecular

therapeutic target by preventing its induction without altering the beneficial effects caused by

some other genes. Future studies are warranted with detailed insight into the molecular mech-

anisms involved behind the role of elevated BMP8B levels in NASH conditions and its impact

on hepatic steatosis and inflammation.

Moreover, the limitations of the current study included relatively a smaller number of par-

ticipants in the three study groups. We have considered either FibroScan or liver biopsy proce-

dure for NASH diagnosis. Measurement of BMP8B levels and their association with

biochemical parameters and non-invasive biomarkers was not performed in all the stages of

NAFLD progression. Since this is a single timepoint study, it does not address causality rela-

tionship. The obtained results could be well performed in different ethnic backgrounds needs

further research. However, future studies focusing on both hypothesis driven approaches and

machine-learning approaches should be implemented.
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Conclusion

Our study findings revealed that BMP8B could be used as a potential non-invasive predictive

biomarker to identify NAFLD progression. The elevated serum BMP8B levels observed in

NAFLD patients were due to an increased expression of BMP8B in the liver. In addition,

BMP8B could effectively discriminate NASH patients with a good sensitivity and specificity in

our study population when compared with the other non-invasive biomarkers. We believe that

further investigations in large cohorts of NAFLD and NASH patients is very important to

focus on the role of BMP8B as a predictive non-invasive biomarker.
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