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A B S T R A C T   

Bone morphogenetic protein (BMP)-9, a member of the TGFβ-family of cytokines, is believed to be mainly 
produced in the liver. The serum levels of BMP-9 were reported to be reduced in newly diagnosed diabetic 
patients and BMP-9 overexpression ameliorated steatosis in the high fat diet-induced obesity mouse model. 
Furthermore, injection of BMP-9 in mice enhanced expression of fibroblast growth factor (FGF)21. However, 
whether BMP-9 also regulates the expression of the related FGF19 is not clear. Because both FGF21 and 19 were 
described to protect the liver from steatosis, we have further investigated the role of BMP-9 in this context. 

We first analyzed BMP-9 levels in the serum of streptozotocin (STZ)-induced diabetic rats (a model of type I 
diabetes) and confirmed that BMP-9 serum levels decrease during diabetes. Microarray analyses of RNA samples 
from hepatic and intestinal tissue from BMP-9 KO- and wild-type mice (C57/Bl6 background) pointed to basal 
expression of BMP-9 in both organs and revealed a down-regulation of hepatic Fgf21 and intestinal Fgf19 in the 
KO mice. Next, we analyzed BMP-9 levels in a cohort of obese patients with or without diabetes. Serum BMP-9 
levels did not correlate with diabetes, but hepatic BMP-9 mRNA expression negatively correlated with steatosis in 
those patients that did not yet develop diabetes. Likewise, hepatic BMP-9 expression also negatively correlated 
with serum LPS levels. In situ hybridization analyses confirmed intestinal BMP-9 expression. Intestinal (but not 
hepatic) BMP-9 mRNA levels were decreased with diabetes and positively correlated with intestinal E-Cadherin 
expression. In vitro studies using organoids demonstrated that BMP-9 directly induces FGF19 in gut but not 
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hepatocyte organoids, whereas no evidence of a direct induction of hepatic FGF21 by BMP-9 was found. 
Consistent with the in vitro data, a correlation between intestinal BMP-9 and FGF19 mRNA expression was seen 
in the patients’ samples. 

In summary, our data confirm that BMP-9 is involved in diabetes development in humans and in the control of 
the FGF-axis. More importantly, our data imply that not only hepatic but also intestinal BMP-9 associates with 
diabetes and steatosis development and controls FGF19 expression. The data support the conclusion that 
increased levels of BMP-9 would most likely be beneficial under pre-steatotic conditions, making supplemen
tation of BMP-9 an interesting new approach for future therapies aiming at prevention of the development of a 
metabolic syndrome and liver steatosis.   

1. Introduction 

The term "non-alcoholic fatty liver disease (NAFLD)" or, as it is newly 
termed "Metabolic dysfunction-associated fatty liver disease (MAFLD)" 
(Eslam et al., 2020), describes a range of hepatic disorders, character
ized by an excessive hepatic accumulation of triglycerides. The etiology 
is multifactorial; however, important risk factors include the metabolic 
syndrome and diabetes (Angulo, 2002), (Moore, 2010). Parallel to the 
obesity epidemic, NAFLD prevalence is progressively increasing (You
nossi et al., 2016). 20–30% of the world population suffers from NAFLD 
and approximately 60% of these patients already developed inflamma
tory non-alcoholic steatohepatitis (NASH) (Younossi et al., 2016). This 
and the current lack of effective therapies (Vizuete et al., 2017) has 
shifted the attention towards finding new NAFLD modifying agents. 

Bone Morphogenetic Protein (BMP)-9 is a member of the Trans
forming Growth Factor (TGF)-β family of cytokines. Currently more than 
15 BMPs have been identified in mammals (Herrera et al., 2017). They 
are secreted glycoproteins, which are involved in many biological ac
tivities, including cell growth, cell differentiation and apoptosis. BMP-9 
was intensely investigated in the context of organ fibrosis (Tang et al., 
2020), including the liver (Breitkopf-Heinlein et al., 2017). Addition
ally, an increasing number of publications suggests a role for BMP-9 in 
glucose- and fat-metabolism (Chen et al., 2003; Kuo et al., 2014; Kim 
et al., 2016; Xu et al., 2017; Yang et al., 2019). 

BMP-9 is produced by hepatic stellate cells in the liver (Breitkopf-
Heinlein et al., 2017). It binds to heterotetrameric complexes composed 
of type 1 and type 2 serine/threonine kinase receptors localized in the 
cell membrane. There are five different type 1 receptors, termed 
activin-like kinase receptors (ALK1-5) and 3 BMP-type 2 receptors: 
ActRIIA, ActRIIB and BMPRII. BMP-9 binds with highest affinity to a 
complex of ALK1 and ActRIIB. Upon ligand binding, the two receptors 
phosphorylate each other, which leads to signal transduction involving 
phosphorylation of Smads −1, −5 and −8. Classical target genes of 

BMP’s, including BMP-9, are Id1 or hepcidin (Breitkopf-Heinlein et al., 
2017; Townson et al., 2012; Truksa et al., 2006). 

According to Xu et al. (2017) and Yang et al. (2019), BMP-9 serum 
levels are decreased in patients with metabolic syndrome or diabetes 
type 2, supporting the assumption that BMP-9 might be involved in the 
regulation of the homeostasis of glucose- and fat metabolism. Chen et al. 
(2003) reported that injection of BMP-9 in diabetic mice leads to a 
normalization of glucose serum levels and an induction of lipid meta
bolism. Kim et al. (2016) also found a beneficial effect of injecting a 
BMP-9 mimetic into high fat diet (HFD)-induced obese mice. Similar 
results were recently reported by Sun et al. who stated that BMP-9 might 
alleviate NAFLD in HFD-fed mice (Sun et al., 2020). The underlying 
mechanism might involve BMP-9 mediated browning of adipose tissue 
(Kuo et al., 2014) and induction of Fibroblast growth factor (FGF) 21 
expression in the liver (Kim et al., 2016). 

FGF21 and its related cytokine FGF19 (in mice: FGF15) are well 
known anti-diabetic mediators (Ye et al., 2015; Harrison et al., 2018; 
Babaknejad et al., 2018). FGF21 is a member of the FGF19 subfamily, 
which comprises FGF19, FGF21 and FGF23. In contrast to other mem
bers of the FGF family, all members of the FGF19 subfamily act in an 
endocrine fashion. Both, FGF21 and FGF19 have crucial roles in glucose- 
and lipid metabolism (Babaknejad et al., 2018; Potthoff et al., 2009, 
2011; Ryan et al., 2013) and they improve insulin resistance (Huang 
et al., 2007). BMP-9 and FGF21 have been described to be connected. 
Thus, injection of BMP-9 in mice fed a HFD led to enhanced hepatic 
expression of FGF21 11 and CRISPR-Cas mediated BMP-9 knock-out mice 
spontaneously developed obesity and steatosis (Yang et al., 2020). 
FGF19 and FGF21 both signal via the same co-receptor, KLB (Goetz 
et al., 2007; Ogawa et al., 2007). Since FGF19 is reported to be mostly 
produced in the gut by activation of farnesoid X receptor (FXR) (Inagaki 
et al., 2005; Degirolamo et al., 2016) we were interested to investigate if 
this FGF-axis might be regulated via a gut-liver crosstalk involving 
BMP-9. 

Fig. 1. BMP-9 serum levels are decreased in STZ rats. Rats were injected with streptozotocin (STZ) to cause a condition of diabetes type 1. A) The sera of the rats 
(n = 9 controls and 8 STZ-treated animals) were analyzed for BMP-9 protein levels by ELISA. B) Total RNA was isolated from the livers (n = 6 per group) and BMP-9 
was determined by real-time PCR. Statistical differences were determined via Student’s t-test. 
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We previously showed that presence of BMP-9 worsens hepatic 
fibrosis (Breitkopf-Heinlein et al., 2017) and enhances 
pro-inflammatory responses of macrophages (Gaitantzi et al., 2020). 
Whereas BMP-9 ameliorated HFD-induced steatosis (Yang et al., 2019), 
we recently demonstrated in the methionine and choline deficient 
(MCD) diet, a mouse-model resembling NASH, that overexpression of 
BMP-9 worsened liver damage, leading to enhanced serum levels of 
AST/ALT, increased fat deposition in the liver, as well as an enhanced 
invasion of pro-inflammatory, iNOS positive macrophages (Jiang et al., 
2021). 

Therefore, opposing effects of BMP-9 in steatotic, pre-diabetic, 
compared to already inflammatory and fibrotic conditions seem to 
exist. We hypothesized that BMP-9 may play different roles during the 
development of fatty liver/NAFLD compared to more severe stages of 
damage including inflammation/NASH. The molecular mechanisms of 
this complex actions of BMP-9 are not well understood up to now. The 
aim of the present study was therefore to specifically investigate if and 
how BMP-9 might modulate FGF19/FGF21 expression and signaling 
during hepatic fat accumulation before development of fulminant 
inflammation. 

Our data point to a potential gut-liver crosstalk, in which locally 
produced intestinal BMP-9 causes an increase of FGF19 expression. 

2. Materials and methods 

2.1. Diabetic rats 

Adult, 2- to 4-months-old male Wistar rats (Janvier, France) were 
employed (n = 9 controls and 8 STZ-treated animals). Food and water 
were available ad libitum, and the animals were housed in a room with a 
controlled temperature and a 12-h light-dark cycle. Diabetes was 
induced by injection of a single dose of streptozotocin (STZ), 35 mg/kg, 
in citrate buffer in the tail artery of the animals under isoflurane narcosis 
at an age of 8 weeks. Control animals received the same volume of cit
rate buffer. Eight weeks after STZ treatment, rats were sacrificed. 
Reduced body weight and enhanced serum glucose levels of STZ-treated 
mice were documented (Suppl. Fig 1). The investigation conformed with 
the US Guide for the Care and Use of Laboratory Animals (Eighth edi
tion, National Academy of Sciences, 2011) and was approved by a 
governmental committee on animal welfare (Regierungspräsidium 
Karlsruhe) (G-208/14). 

2.2. Mouse models of methionine- and choline-deficient diet (MCD) 
feeding and of adenoviral BMP-9 overexpression 

Mouse models of MCD feeding and adenoviral BMP-9 overexpression 
were established as previously described (Li et al., 2019) and were 
performed in accordance with Hubei Province Laboratory Animal Care 
Guidelines for the use of animals in research and approved by the Ani
mal Care and Use Committee at Tongji Medical College, Huazhong 
University of Science and Technology. The animals received humane 
care and were maintained in specific pathogen-free conditions. This 
protocol was approved in accordance with the guideline of the Ethics 
Committee of the Capital Medical University, Beijing, China. 

2.3. BMP-9 knock-out mice 

BMP-9-deficient mice were generated as previously described 
(Ricard et al., 2012). All experimental animal protocols were performed 
in accordance with directive 2010/63/EU and approved by local 
committees. 

2.4. Human adipose patients’ samples 

All samples were collected at University Hospital Mannheim. Tissue 
procurement was approved by the local Medical Ethics Committees 

(Reference no. 2016-607N-MA) and informed consent was obtained 
from all patients. 

2.5. In situ hybridization of BMP-9 in human liver- and small intestine 
tissues 

Tissue samples of adipose patients who underwent bariatric surgery 
(see Table 1) were fixed in formalin and embedded in paraffin using 
standard procedures. 2–7 days before hybridization the paraffin blocks 
were cut into 3 μm sections using a microtome and mounted on 
Superfrost® plus slides. Then the slides were baked for 1 h at 60 ◦C in a 
dry oven and stored at room temperature. In situ hybridization was 
performed using the RNAscope® Multiplex Fluorescent Reagent kit v2 
(Advanced Cell Diagnostics, Inc., BioTechne, Minneapolis, MN, USA) 
according to the user manual. For signal development Opal™570 dye 
was used at a dilution of 1:1500. The tissue sections were examined 
under a Nikon Eclipse Ni-E microscope at 20-50X magnification. Stained 
slides were scanned using an Olympus VS200 slide scanner. 

2.6. Upcyte® hepatocytes 

Cryopreserved upcyte® human hepatocytes (upcHC) were obtained 
from Upcyte Technologies (Hamburg) and cultured according to the 
manufacturer’s recommendations using their proprietary reagents, on 
162 cm2 sized, tissue culture flasks (CELLSTAR®, Greiner bio-one). 24 h 
before treatment, the cells were seeded on 3.5 cm plates at a density of 2 
× 105 cells/plate. For experiments with upcHC High Performance Me
dium® was used. All cultures were incubated at 37 ◦C and 5% CO2. 

2.7. Generation of upcyte® hepatocyte organoids 

2 × 105 upcHC (cultured as described above) were mixed with 100 
μL Matrigel® and plated in small drops on a suspension plate. After 
placing the plate upside down in the incubator for 45 min, the cultures 
were incubated in Hepatocyte Growth Medium (Upcyte Technologies) at 
37 ◦C, 5% CO2. Prior to the experiments, the organoids were washed 
twice with PBS (pH = 7.4) and the medium was changed to High Per
formance Medium (Upcyte Technologies). 

2.8. Human gut organoid generation and culture 

Organoid cultures of human epithelial colon cells were derived from 
biopsies, as reported by Cai et al. (2022). Every 7–10 days the organoids 
were passaged. 

2.9. Analyses of serum parameters of mice 

Serum samples of BMP-KO mice were taken at the age of 4–5 months 
and the serum levels for the indicated parameters were measured ac
cording to standard protocols. 

2.10. Affymetrix microarray analyses 

Gene expression profiling was performed using arrays of ClariomTM 
S Human Arrays (Thermo Fisher Scientific, Waltham, MA, USA) as 
described previously (Gaitantzi et al., 2020). After normalizing the data 
by Robust Multichip Average algorithm (RMA) (Carvalho and Irizarry, 
2010), multiple probes representing the same symbol were averaged for 
each array separately. Differential expressions were calculated as 
described by the limma package (Ritchie et al., 2015). 

2.11. BMP-9, FGF19 and LPS ELISAs 

The BMP-9 ELISA using rat serum samples was performed as previ
ously described (van Baardewijk et al., 2013; Paauwe et al., 2016). In 
short, plates were coated with BMP-9 capture antibodies and 50 μl 
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plasma samples diluted with 1% BSA/PBS or standard were incubated 
for 2h. After incubation with detection antibodies, color development 
was measured at 450 nm. 

For detection of LPS, BMP-9 or FGF19 in human serum, the venous 
blood was centrifuged and only the serum was stored at −80 ◦C until 
biochemical determination. Serum levels were quantified following the 
instructions of the commercially available ELISA Kits: Cusabio, Human 
Lipopolysaccharides, LPS ELISA KIT and SimpleStep® ELISA Kits from 
Abcam (ab230943 and ab272470). The absorbance of the samples was 
measured at 450 nm and all serum samples were analyzed in duplicates. 

2.12. Stimulation with fatty acids (FA) 

Oleic (OA) and linoleic acids (LA) were dissolved in ethanol, palmitic 
acid (PA) was dissolved in methanol. The control condition contained 
the same amount of alcohol that was necessary to dissolve the fatty 
acids. 100 mM stock solutions of each FA were mixed with medium to 
reach the requested final concentrations. Usually, final concentrations 
amounted to 200 μM, except the combination of PA + OA, which 
reached a combined final concentration of 400 μM. In some trials a mix 
of PA, OA and LA in equal parts to final combined concentration of 200 
μM was used. 

2.13. BMP-9 stimulation in vitro 

5 ng/ml of recombinant BMP-9 (Peprotech) was used. 

2.14. Real-time PCR 

As described by Gaitantzi et al. (2020), total RNA was isolated using 
the peqGOLD Total RNA purification kit (Peqlab) according to the 

manufacturer’s guidance. Using the SensiFAST™ cDNA Synthesis Kit 
(Bioline), total RNA was reverse transcribed to cDNA. Real time quan
titative PCR (RT-qPCR) was accomplished according to the Analytik 
Jena innuMIX qPCR Master mix SyGreen protocol (Jena, Germany). 
Primer sequences used for RT-PCR are given in Table 2. Ct-values for 
each gene were first normalized to the average of all samples per 
experiment and the resulting values were then normalized to those of an 
appropriate housekeeping gene). 

2.15. Statistics 

All data are expressed as mean values ± SD, n reflects biological 
replicates. For comparisons between two groups two-sided, unpaired 
Student’s t-tests or ANOVA (as indicated in the legends) were used to 
detect significant differences. Categorization of significances was 
determined as follows: p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***; p <
0.0001 = ****. 

Pearson correlations were calculated to define relationships between 
two parameters. The relationship was graded using the Pearson corre
lation “r” (see Table 3). 

3. Results 

3.1. Effects of constitutive deletion of BMP-9 in mice 

We initially investigated the effects of the complete lack of BMP-9 in 
mice. BMP-9 knock-out (KO) mice were generated as described previ
ously (Ricard et al., 2012). In contrast to a previously published work 
describing the phenotype of BMP-9 KO mice generated by CRISPR-Cas 
technology (Yang et al., 2020), our mice do not show any obvious he
patic steatosis and many serum-parameters of disease were not pro
foundly altered (Suppl. Fig. 2). However, the levels of glucose, 
cholinesterase and alkaline phosphatase were enhanced and the liv
er/body weight ratio was reduced, pointing to a possible pre-diabetic 
condition also in our KO-mice. 

Table 1 
Details of the cohort of adipose patients. Samples from a cohort of 27 adipose 
patients were preserved. The patients received bariatric surgery during which 
tissue samples from liver and small intestine (jejunum) were obtained. Blood 
samples were taken before the operation. The NAFLD Activity Score (NAS) is a 
histological score, which combines steatosis, hepatocytes ballooning and lobular 
inflammation. BMI: body mass index; AST: aspartate aminotransferase; ALT: 
alanine aminotransferase; TAG: triacyl glycerides; Average values ± SD (in 
brackets) are given.   

non-diabetes (n = 11) diabetes (n = 16) 

Age (years) 46.5 (13) 50.4 (9.3) 
Gender (f/m) 10/1 12/4 
NAS 3.6 (1.4) 3.5 (1.8) 
BMI (kg/m2) 45.9 (5.5) 43 (3) 
AST (U/l) 30.6 (12) 40.3 (16.2) 
ALT (U/l) 38.5 (11.8) 58.5 (27) 
TAG (mg/dl) 168.5 (80.5) 269.9 (213.4) 
Albumin (g/l) 38.7 (2.5) 39.4 (2.9)  

Table 2 
Sequences of the primers used for real-time PCR. BMP-9, bone morphogenetic protein 9; FGF21, fibroblast growth factor 21; FGF19, 
fibroblast growth factor 19; KLB: β-klotho; B2M, β2-microglobulin; Rpl19, 60S ribosomal protein L19; RS18, Ribosomal Protein S18; h 
= human; m = mouse; r = rat.  

Target gene Forward sequence (5‘ => 3‘) Reverse sequence (5‘ => 3‘) 

hBMP9 CGTCCAACATTGTGCGGAG GACAGGAGACATAGAGTCGGAG 
hFGF21 ACCAGAGCCCCGAAAGTCT CTTGACTCCCAAGATTTGAATAACTC 
hFGF19 GCACAGTTTGCTGGA ATCTCCTCCTCGAAA 
hB2M GACTTGTCTTTCAGCAAGGA ACAAAGTCACATGGTTCACA 
hRS18 CCATTCGAACGTCTGCCCTAT TCACCCGTGGTCACCATG 
hCDH1 TGAAGGTGACAGAGCCTCTGGAT TGGGTGAATTCGGGCTTGTT 
rBMP9 AAGGGACCAGTTGCCATTC CAGACCCATATACCCCAGTCA 
rGAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG 
mFgf21 CTACCAAGCATACCCCATCC GCCTACCACTGTTCCATCCT 
mFgf15 ATGGCGAGAAAGTGGAACGG CTGACACAGACTGGGATTGCT 
mB2m TTCTGGTGCTTGTCTCACTGA CAGTATGTTCGGCTTCCCATTC  

Table 3 
Relationship of grading and Pearson correlation “r”. Significance of corre
lations was further evaluated by student’s t-test (using a significance level α =
0.05).  

r value grading 

0.9 to 1 (−0.9 to −1) very high pos. (neg.) correlation 
0.7 to 0.9 (−0.7 to −0.9) high pos. (neg.) correlation 
0.5 to 0.7 (−0.5 to −0.7) moderate pos. (neg.) correlation 
0.3 to 0.5 (−0.3 to −0.5) low pos. (neg.) correlation 
0 to 0.3 (0 to −0.3) negligible pos. (neg.) correlation  
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3.2. Serum levels of BMP-9 are decreased in diabetic rats 

BMP-9 was originally described as an autocrine/paracrine factor in 
the liver (Miller et al., 2000). More recent studies indicate a possible 
function of BMP-9 in the regulation of lipid and glucose metabolism (Xu 
et al., 2017; Yang et al., 2019). In this context, we measured protein 
levels of BMP-9 in the serum of diabetic rats. Diabetes was induced by 
treatment of the animals with streptozotocin (STZ) for 8 weeks which 
led to significantly increased blood glucose levels (Suppl. Figure 1). 
Compared to the healthy control group, BMP-9 levels were decreased in 
the diabetic animals (Fig. 1A). 

To investigate if this decrease was accompanied by down-regulated 
hepatic expression, we next analyzed the mRNA levels of BMP-9 in the 
liver by real-time PCR. No differences were detected between control 
and diabetic conditions (Fig. 1B). 

Thereby our data confirm previous reports of reduced BMP-9 in the 
serum of diabetic patients or mice (Xu et al., 2017). Nevertheless, in the 
STZ-rats this was not accompanied by reduced expression in the liver. 

3.3. Correlation of BMP-9 levels with diabetes and steatosis in samples of 
adipose patients 

In an attempt to obtain human data, we collected patient samples 
from a small cohort of adipose patients (with a BMI higher than 40) who 

underwent bariatric surgery in our clinic (n = 27 in total). As depicted in 
Table 1, 16 of these adipose patients were already diagnosed with 
having diabetes. Age and NAS score was similar in both groups, whereas 
serum levels of liver function parameters (AST and ALT) as well as tri
glyceride levels (TAG) were higher in the diabetic group. From a total of 
20 patients (7 non-diabetic and 13 diabetic) we performed ELISA ana
lyses for the quantifications of serum BMP-9, FGF19 and lipopolysac
charide (LPS). Tissue samples from small intestine (jejunum; n = 26; 10 
non-diabetic and 16 diabetic) and liver (n = 22; 9 non-diabetic and 13 
diabetic) were processed for RNA isolation and subsequent real-time 
PCR analyses. 

When measuring BMP-9 protein levels in the serum as well as hepatic 
and intestinal BMP-9 mRNA expressions in both groups we did neither 
find any significant difference in BMP-9 protein levels in the serum 
(Fig. 2A) nor in the hepatic mRNA levels (Fig. 2B). In contrast, we 
detected a significant decrease in intestinal BMP-9 mRNA levels in the 
diabetic patients’ samples (Fig. 2C). 

These data imply that hepatic BMP-9 expression might not neces
sarily correlate with an existing diabetic condition, at least when 
comparing groups of already adipose patients, but that there is an 
additional BMP-9 expression in the small intestine and this source of 
BMP-9 is indeed reduced in diabetic patients. 

In order to get some more hints about the role of BMP-9 in vivo, we 
collected tissue samples from the liver, the colon, and the small intestine 
of wild type and BMP-9 KO mice and investigated changes in gene 
expression levels by Affymetrix microarray analyses. Since this was 
meant to be a preliminary screen of genome-wide changes, samples from 
6 mice per group were pooled before analyses. 

The results point to two interesting conclusions: 1. In accordance 
with the above described findings, there was a substantial basal BMP-9 
expression level not only in the liver but also in the small intestine and, 
at lower levels, in the colon. 2. Absence of BMP-9 clearly affected the 
FGF-axis: hepatic Fgf21 as well as intestinal Fgf15 (the mammalian 
analogue of FGF19) were decreased in the KO mice (Suppl. Fig. 3). 

In summary, these data from human as well as mouse samples imply 
that besides hepatic BMP-9 expression also intestinal levels exist and 
might be important during diabetes induction. Furthermore, although 
our BMP-9 KO mice are not obese, at the time of analysis, they already 
show a clearly disturbed balance of the FGF-axis in intestine and liver. 

3.4. BMP-9 mRNA is detectable in human small intestine in non-epithelial 
cells 

In consequence of these findings, we next aimed at confirming that 
there is indeed expression of BMP-9 mRNA in human small intestine. For 
this we performed in situ hybridization (using RNA Scope®) on human 
liver and intestine sections. The results confirm that basal expression of 
BMP-9 mRNA is clearly detectable in human jejunum (Fig. 3). 

In the liver the morphology of BMP-9 expressing cells fits well with 
hepatic stellate cells as cellular source of BMP-9, as it has been described 
by us before (Breitkopf-Heinlein et al., 2017). Positive cells in the small 
intestine were rather small and round, were non-epithelial and did not 
directly localize to blood vessels (Fig. 3). Although the exact nature of 
these cells still needs to be defined, by morphology they might be 
myeloid-derived cells like dendritic cells or macrophages but rather not 
fibroblasts, endothelial or epithelial cells. 

These results further support the concept of a relevant basal BMP-9 
expression in the intestine. 

3.5. BMP-9 induces FGF19 in gut epithelial cells in vitro 

To analyse if BMP-9 – alone or in combination with fatty acids (FA) - 
directly regulates FGF19 expression in human hepatocytes, monolayer 
cultures were treated with recombinant BMP-9 and/or FA in vitro and 
were analyzed for FGF19 expression by rt-PCR. We could not detect any 
significant change of FGF19 expression upon stimulation with BMP-9, 

Fig. 2. BMP-9 levels in serum, liver and small intestine from adipose pa
tients with or without diabetes. A) The sera of patients were analyzed for 
BMP-9 protein levels by ELISA measurement. Total RNA was isolated from 
samples of livers (B) and small intestine (C) and BMP-9 mRNA levels were 
determined by real-time PCR. Two -sided, unpaired Student’s t-tests was used to 
detect significant differences. 
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whereas linoleic acid (LA) did (Fig. 4A). Since monolayer cultured he
patocytes are known to dedifferentiate fast (Rowe et al., 2013; Godoy 
et al., 2009), we sought to use a more physiological culture condition 
and generated organoids. Consistent with data in standard cultured 
hepatocytes, BMP-9 did not induce FGF19 expression in 3D culture 
conditions, but FA stimulation did (Fig. 4B). In gut organoid cultures, in 
contrast, BMP-9 clearly induced FGF19 expression (Fig. 4C). Fatty acids 
induced FGF19 only in hepatocytes but not in gut organoids. 

In line with a BMP-9 mediated induction of FGF19 in the gut, we also 
found that intestinal (but not hepatic) BMP-9 mRNA levels positively 
correlated with intestinal FGF19 expression in our patient samples. 
FGF19 serum levels, however, did not correlate with BMP-9 expression 
(Fig. 5). 

Interestingly, at least in our small cohort, the levels of circulating 

BMP-9 protein did neither directly correlate with hepatic nor with in
testinal BMP-9 expression. Neither did serum BMP-9 directly correlate 
with serum FGF19 (Suppl. Fig. 4). These data imply that local BMP-9 in 
the small intestine might be more relevant for FGF19 expression than 
circulating BMP-9. However, the possibility exists of course, that there 
are additional sources of BMP-9 that might also contribute to serum 
BMP-9 levels, this possibility remains to be investigated. 

3.6. Intestinal BMP-9 expression is positively correlated with E-Cadherin 

To further analyse the connection of intestinal BMP-9 expression 
with features of diabetes we measured the expression levels of E-Cad
herin. Lack of E-Cadherin in mice was described to be related to a 
compromised intestinal barrier function (Bondow et al., 2012). 

Fig. 3. In situ hybridization (RNA-Scope®) showing BMP-9 positive cells in human liver and gut. Tissue samples were collected from a cohort of adipose 
patients who underwent bariatric surgery in our clinic. In situ hybridization was performed using RNA Scope®. BMP-9 positive cells (yellow) are marked with white 
arrows. As * marked structure shows false-positive platelets within blood vessels. The cell nuclei were counter-stained with DAPI. 

Fig. 4. Regulation of FGF19 expression by BMP-9 
and fatty acids in hepatocytes and gut organo
ids. A) UpcHC were cultured as monolayer. After 4 h 
of serum starvation (0.5% FCS), stimulation for 48 h 
was performed with different fatty acids like PA, OA 
and LA (final concentration of 200 mM, except PA +
OA, which reached a final cumulative concentration 
of 400 mM). For BMP-9 exposure, a concentration of 
5 ng/ml was used. FGF19 expression was measured 
by rt-PCR. B) UpcHC were mixed with matrigel and 
after 48h, the formed organoids were stimulated with 
a mix of fatty acids (PA, OA and LA in equal parts, 
cumulative concentration: 200 mM), or BMP-9 (5 ng/ 
ml) or both for another 48h. FGF19 expression was 
measured by rt-PCR. C) Epithelial cells were isolated 
from human resected (non-malignant) colon tissue 
and were mixed with matrigel. After formation, the 
organoids were stimulated like in A) for 48 h mRNA 
levels of FGF19 were again determined by rt-PCR. 
BMP-9, bone morphogenetic protein-9; Co, control; 
PA, palmitic acid; OA, oleic acid; LA, linoleic acid; FA, 
fatty acid mix; b2M, β2-microglobulin; rS18, ribo

somal protein 18; rpl19, 60S-protein L19; FGF19, fibroblast growth factor 19, FGF21, fibroblast growth factor 21.   
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Accordingly, E-Cadherin expression was significantly lower in the in
testine samples of the diabetic patients (Fig. 6A). Interestingly local 
BMP-9 expression directly correlated with that of E-Cadherin in the in
testine (Fig. 6B). To test whether E-Cadherin might be directly targeted 

by BMP-9 and/or fatty acids, PCR analyses were performed with the 
same gut organoid samples as before (see Fig. 4C). The results clearly 
show that there is no direct effect of BMP-9 or fatty acids on E-Cadherin 
expression in these intestinal epithelial cell cultures (Suppl. Fig. 5). 

Fig. 5. Intestinal BMP-9 mRNA levels positively correlate with intestinal 
FGF19 expression but not with serum levels of FGF19 in adipose patients 
with or without diabetes. Total RNA was isolated from samples of small in
testine and BMP-9 and FGF19 mRNA levels were determined by rt-PCR. FGF19 
protein levels were determined in serum samples of the same patients (n = 19). 
n.s., not significant. 

Fig. 6. Intestinal E-Cadherin mRNA levels are decreased in adipose patients with diabetes and are correlating with BMP-9 expression. Total RNA was 
isolated from samples of small intestine and E-Cadherin (CDH1) mRNA levels were determined by rt-PCR. A) E-Cadherin levels were significantly reduced in the 
samples from diabetic patients. B) Intestinal BMP-9 expression was positively correlating with that of E-Cadherin (all patients). 

Fig. 7. Hepatic BMP-9 mRNA levels negatively correlate with NAS stea
tosis score in non-diabetic patients. Total RNA was isolated from liver 
samples of adipose patients with (n = 13) or without diabetes (n = 9) and BMP- 
9 mRNA levels were determined by rt-PCR. The resulting values were correlated 
with the NAS steatosis score for each patient individually. n.s., not significant. 
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Nevertheless, the correlation between intestinal BMP-9 and E-Cad
herin expression further supports the hypothesis that local BMP-9 levels 
in the intestine may be involved in the pathogenesis of metabolic syn
drome/diabetes. 

3.7. Hepatic BMP-9 mRNA levels negatively correlate with NAS steatosis 
score in non-diabetic patients 

Following our hypothesis that BMP-9 might be a protective factor, 
we next analyzed if hepatic BMP-9 expression correlates with liver 
steatosis. For this purpose, we performed correlation analyses for he
patic BMP-9 mRNA levels compared to the individual degree of stea
tosis, measured by the NAS score. As shown in Fig. 7, we found that 
hepatic BMP-9 levels were indeed highly negatively correlated with 
NAS, but only in the subgroup of non-diabetic patients. If diabetes had 
already developed, hepatic BMP-9 did not correlate with NAS any more. 
This could imply that high hepatic BMP-9 could have protective effects 
that get lost after diabetes has already developed. 

We previously found that BMP-9 itself is directly down-regulated by 
LPS in hepatic stellate cells (HSC) (Breitkopf-Heinlein et al., 2017) and 
since LPS levels can be expected to be increased in steatotic and/or 
diabetic patients (Jayashree et al., 2014; Carpino et al., 2020), we also 
measured LPS levels in the serum samples of our patient cohort. As ex
pected, we found a negative correlation between hepatic BMP-9 and 
serum LPS levels, which was more pronounced in diabetic patients 
(Suppl. Fig. 6). However, this negative correlation did not reach statis
tical significance in our patient cohort. 

3.8. Hepatic FGF21 expression positively correlates with liver steatosis but 
is not directly regulated by BMP-9 

Since injection of the BMP-9 mimetic MB109 enhanced hepatic 
expression of FGF21 in vivo in obese mice (Kim et al., 2016) and because 
we saw reduced FGF21 expression in the livers of our BMP-9 KO mice 
(Suppl. Fig. 3), it was assumed that BMP-9 directly induces FGF21 
mRNA expression in liver cells. To test this hypothesis, we first analyzed 

Fig. 8. BMP-9 does not directly induce hepatic FGF-21 expression. A) Healthy mice were infected with a BMP-9 overexpressing adeno-associated virus (AAV- 
BMP9; one injection per week for four weeks) as indicated. Additionally, one group of mice was exposed to a methionine and choline deficiency (MCD) diet for 24 
weeks. Animals were sacrificed and the livers were obtained for analysis of mRNA expression levels of FGF21 and FGF15 via rt-PCR. B) Total RNA was obtained from 
livers of obese patients. FGF21 was measured by rt-PCR and was correlated to the NAS score. C) UpcHC, a non-malignant cell line derived from primary human 
hepatocytes, were cultured following the recommendations of Upcyte Technologies. After 4 h of serum starvation (0.5% FCS), stimulation for 48 h was performed 
with different fatty acids like PA, OA and LA (final concentration 200 μM, except PA + OA, which reached a final cumulative concentration of 400 μM). For BMP-9 
exposure, a concentration of 5 ng/ml was used and FGF21 expression was analyzed by rt-PCR. D) UpcHC were cultured in 3D as organoids in matrigel. After 48 h, the 
organoids were stimulated with a mix of fatty acids (PA, OA and LA in equal parts, cumulative concentration of 200 μM), or BMP-9 (5 ng/ml) or both and FGF21 
expression was again analyzed by rt-PCR. BMP-9, bone morphogenetic protein-9, Co, control; CD, control diet; MCD, methionine and choline deficient diet; PA, 
palmitic acid; OA, oleic acid; LA, linoleic acid; FA, fatty acid mix; b2M, β2-microglobulin; rS18, ribosomal protein 18; FGF15, fibroblast growth factor 15, FGF21, 
fibroblast growth factor 21. Data are expressed as average values ± SD. Statistics were calculated by Student’s t-test (A) or Pearson correlation (B) or ANOVA (C 
and D). 
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the hepatic expression levels of FGF21 in vivo in a mouse model of 
steatosis. In contrast to the published data using the BMP-9 mimetic in 
obese mice, infecting healthy, non-obese mice with a BMP-9 over
expressing adeno-associated virus (AAV-BMP9; one injection per week 
for four weeks) did not cause enhanced hepatic expression of FGF21 
(Fig. 8A). Only the condition of methionine and choline deficiency 
(MCD) diet significantly enhanced FGF21 expression. The latter had 
been reported before (Tanaka et al., 2015). Additional overexpression of 
BMP-9 in MCD diet fed mice did not promote this upregulation any 
further (Fig. 8A). In line with the data from MCD diet, in the patient 
samples the NAS score was positively correlated with hepatic FGF21 
expression (Fig. 8B). Levels of hepatic FGF15 in contrast, were neither 
significantly changed by BMP-9 overexpression nor by MCD-diet in 
these mice (Fig. 8A) and hepatic FGF19 mRNA levels did not correlate 
with NAS score in the patient samples (data not shown). 

We further found that human hepatocytes cultured as monolayer 
show some induction of FGF21 by the combination of palmitic acid (PA) 
and oleic acid (OA) but not by linoleic acid (LA) or PA or OA alone 
(Fig. 8C). In monolayer cultured hepatocytes BMP-9 alone did not 
induce FGF21, however it enhanced the effect of PA but even reduced 
that of PA + OA. Hepatocytes cultured in the more physiological con
dition of organoids did not show any change in FGF21 expression, 
neither by fatty acids nor by BMP-9 or their combinations (Fig. 8D). 

In summary these data do not support any direct induction of FGF21 
expression by BMP-9 alone. Nevertheless, Fgf21 expression was 
decreased in the KO mice (Suppl. Fig. 3), implying that there might be 
some kind of indirect, systemic connection between BMP-9 levels and 
FGF21 expression, at least under already pathologic conditions like 
steatohepatitis. 

Overall, our data suggest that counter-acting the BMP-9 decrease 
especially in the gut (e.g. by local application of BMP-9 mimetics) could 
exert beneficial, anti-diabetic effects by enhancing FGF19 expression. 

4. Discussion 

Aim of the present study was to extend existing findings about a 
possible anti-diabetic function of BMP-9 in vivo and to investigate if this 
function might be related to modulations of the FGF-axis. Using different 
mouse strains there have been contradictory observations regarding 
general functions of BMP-9, e.g. during liver fibrogenesis as well as 
regarding the general BMP-9 KO phenotype (Breitkopf-Heinlein et al., 
2017; Desroches-Castan et al., 2019) (see also below). So far it is not 
known which differences in the background strains are causing such 
opposite results but it is obvious that in order to translate any of these 
mouse-data to the human situation there is a great need for new results 
that are generated with patient samples. In the present study we 
therefore focused mainly on samples from a cohort of adipose patients 
and we were able to define two interesting new aspects of BMP-9’s 
functions: 1. Besides the hepatic stellate cells in liver there exists a 
non-epithelial cell type in the small intestine (jejunum) that additionally 
expresses BMP-9 at high basal levels and this expression is dampened in 
diabetic patients. 2. In cells of the gut BMP-9 is directly upregulating the 
expression of the hepato-protective factor FGF19. 

Recently published work investigated an additional, newly devel
oped BMP-9 KO mouse (on a C57Bl/6 background) that was generated 
using CRISPR-Cas technology (Yang et al., 2020) and here an obese 
phenotype including steatosis was observed. For unknown reasons this 
was not the case in the BMP-9 KO mice that we investigated earlier 
(Breitkopf-Heinlein et al., 2017). Our mice are healthy and fertile and up 
to now no occurrence of any hepatic pathologies like steatosis were 
reported. For the present study we partially re-investigated the pheno
type of these mice and could confirm normal levels of liver serum 
markers like ALT and AST at least at the age of 4–5 months (Suppl. Fig 
2). However, some other parameters (cholinesterase and alkaline 
phosphatase) as well as serum glucose were enhanced and the liver/
body weight ratio was reduced. 

Patients with metabolic syndrome or diabetes type 2 show decreased 
serum levels of BMP-9 12, 13. This could indicate that the circulating 
BMP-9 protein was either exhausted due to enhanced demand under 
diabetic conditions or its expression was directly down-regulated, e.g. 
by enhanced levels of lipopolysaccharides (LPS; see below). In humans 
and mice, such decreased serum-levels were accompanied by reduced 
BMP-9 mRNA levels in the liver (Xu et al., 2017). We therefore aimed at 
addressing the question whether substitution of BMP-9 in order to 
compensate for a possible enhanced demand could be a new strategy to 
counter-act the development of diabetic conditions. Indeed, in the high 
fat diet (HFD) mouse model of NAFLD, over-expression of BMP-9 
ameliorated the disease and improved glucose tolerance and IR (Yang 
et al., 2019). However, in a more inflammation-based model of NASH, 
the methionine-choline-deficiency (MDC) diet, BMP-9 aggravated the 
disease and enhanced the pro-inflammatory condition (Jiang et al., 
2021; Li et al., 2019). The latter matching well with our previous 
observation that BMP-9 synergistically enhances the pro-inflammatory 
LPS-response in human macrophages (Gaitantzi et al., 2020). There
fore, BMP-9 supplementation might only be a promising approach 
during early phases of disease, before diabetes and/or steatohepatitis 
have already manifested. 

We now confirmed down-regulation of BMP-9 serum levels in 
another animal model for diabetes, the streptozotocin (STZ)-induced rat 
model (Fig. 1). However, in contrast to the other models, we did not see 
any accompanying hepatic down-regulation of BMP-9 expression. The 
reason for this discrepancy might be that unlike the human situation, the 
STZ-mediated destruction of the insulin-producing beta-cells of the 
pancreas in our rats is an artificial situation leading to a much more 
rapid development (within 2–4 days) of diabetes (Akbarzadeh et al., 
2007) than in humans. Possibly hepatic BMP-9 levels would drop at later 
time-points as well. 

We performed Affymetrix microarray analyses of liver-as well as 
small intestine and colon tissue samples from our BMP-9 KO mice and 
saw that besides the liver, there was also some BMP-9 expression 
detectable in the small intestine of the wild-type mice (Suppl. Fig. 3). 
However, since BMP-9 is only expressed in a small population of cells, in 
these whole-tissue samples both, hepatic as well as intestinal BMP-9 
expression levels were rather low, possibly hitting the basal detection 
limit of the system. To isolate specifically the BMP-9 producing cells 
from liver and intestinal tissue and then compare directly the expression 
levels per cell will be an interesting task for future analyses. In the liver 
BMP-9 is known to be mainly produced by hepatic stellate cells (Breit
kopf-Heinlein et al., 2017) and we previously showed that, BMP-9 is 
higher expressed in samples from human liver compared to gut tissue 
(Gaitantzi et al., 2020). ALK1, the main receptor for BMP-9, was in turn 
much higher expressed in gut than in liver. Likewise, ID1, one of the 
target genes of BMP-9 was also higher expressed in colon (Gaitantzi 
et al., 2020). These data support the concept that on the one side the gut 
might be an important target-organ for BMP-9 but, as our current data 
show, it also seems to be a source for BMP-9, in addition to the liver. To 
further support this assumption and to better translate the findings to 
the human situation, we collected blood, liver- and small intestine tissue 
samples from a cohort of adipose patients that obtained bariatric surgery 
in our department (n = 11 non-diabetic and 16 already diabetic patients; 
all with a BMI >40). We did not find any significant difference in serum 
levels of BMP-9 protein or hepatic BMP-9 mRNA between diabetic and 
non-diabetic patients of this cohort (Fig. 2A and B). This is somehow 
discrepant to the findings of Xu et al. who described decreased plasma 
levels of BMP-9 in patients with metabolic syndrome (Xu et al., 2017). 
The reason for this might be the fact that we did not compare completely 
healthy with diabetic patients but instead all our patients were obese 
and therefore they might as well all already express less basal BMP-9 
than healthy individuals. Most interestingly we were able to detect 
considerable expression of BMP-9 mRNA also in the small intestine 
samples of these patients and here the levels were strongly reduced in 
the diabetic patients (Fig. 2C), implying that intestinal BMP-9 might be 
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more relevant in this context than hepatic or circulating BMP-9. In situ 
hybridization analyses of tissue samples confirmed that there are some 
strongly BMP-9 expressing cells not only in the liver but also in the small 
intestine (Fig. 3). The exact identity of these cells remains to be defined, 
but they are clearly not located within the epithelial cell layer but be
tween the epithelium and the muscular layers. By morphology (small 
and round) they might be some type of myeloid cell like dendritic cells 
or macrophages. 

The hormone-like FGF19 subfamily, including FGF19 and FGF21, 
was described to positively act in multiple ways on glucose and fat 
metabolism (Babaknejad et al., 2018; Ryan et al., 2013; Dolegowska 
et al., 2019). Interestingly, FGF21 was reported to be induced in livers of 
obese mice upon injection of BMP-9 11. In line with these data, we found 
reduced expression of FGF21 in liver-tissue of the BMP-9 KO mice 
whereas FGF15 (the murine analogue of FGF19) was strongly reduced 
especially in the small intestine of the KO mice (Suppl. Fig. 3B) fitting to 
previous data describing the small intestine as origin of FGF19 (Dole
gowska et al., 2019; Zhang et al., 2015; Rinella et al., 2019). Bile acids 
secreted from liver were reported to stimulate the FGF19 production in 
the small intestine via Farnesoid-X-receptor activation, leading to its 
secretion into the blood (Song et al., 2009). FGF19 then binds to 
different FGF-receptors, in the liver especially to FGFR4 in combination 
with its co-receptor β-klotho (KLB) (Kurosu et al., 2007; Yang et al., 
2012). As our array results demonstrate, FGF15 was strongly reduced in 
the small intestine of the KO mice, but not in the colon (Suppl. Fig. 3B), 
implying a differential expression of FGF15/19 in the different segments 
of the gut. It remains to be investigated if there is indeed higher FGF19 
expression in the small intestine versus colon also in human samples. 

Kim et al. postulated that BMP-9 led to enhanced hepatic FGF21 
expression in mice in vivo (Kim et al., 2016). Our finding that FGF21 
expression is reduced in BMP-9 KO mice would fit well with a role of 
BMP-9 as direct inducer of FGF21 expression. Kim et al. reported a direct 
induction of hepatic FGF21 by BMP-9 in vivo in obese mice that were fed 
an HFD. To analyse if this induction represents a general feature of 
BMP-9, already in otherwise healthy animals, we analyzed the livers of 
lean mice that were injected with a BMP-9 overexpressing adenovirus. In 
line with our in vitro findings using 2D and 3D hepatocyte cultures, we 
did not observe any significant BMP-9 dependent changes of FGF21 
expression in the livers of these healthy mice (Fig. 8A) or in cultured 
hepatocytes (Fig. 8C and D). In contrast, only when inducing steatohe
patitis in mice using the Methionine-Choline-deficient Diet (MCD), a 
model that involves an inflammatory reaction, hepatic FGF21 is indeed 
upregulated (Fig. 8A and published (Tanaka et al., 2015)), but also here, 
additional overexpression of BMP-9 did not further enhance FGF21 
expression (Fig. 8A). Nevertheless, in the MCD model BMP-9 over
expression enhanced liver damage (Li et al., 2019) and this effect of 
BMP-9 depends on the presence of macrophages (Jiang et al., 2021). 
Therefore, one mechanism how BMP-9 controls hepatic FGF21 levels 

could be mediated via crosstalk between inflammatory cells, like mac
rophages, and FGF21 producing cells. Such possible indirect regulation 
will be topic of future research. 

In contrast to FGF21, BMP-9 clearly regulated FGF19 expression: 
whereas BMP-9 did not change its expression in hepatocytes (Fig. 4A and 
B), it strongly induced it in 3D-cultured gut epithelial cells (Fig. 4C). 
Fatty acids (FA) in contrast directly induced FGF19 expression specif
ically in hepatocytes (monolayer as well as organoids) but not in gut- 
organoids (Fig. 4). These data imply an intestine-specific enhancement 
of FGF19 possibly mainly by locally expressed (rather than systemic) 
BMP-9. In line with this conclusion the intestinal BMP-9 mRNA levels of 
our patients were significantly correlated with enhanced intestinal 
expression of FGF19 (Fig. 5). Interestingly, we did not find any corre
lation between intestinal or hepatic BMP-9 levels and FGF19 protein 
levels in the serum (Suppl. Fig. 4). 

The reason for down-regulated expression of BMP-9 in the livers of 
diabetic patients might be that in these patients the serum levels of the 
gut-derived bacterial toxin lipopolysaccharide (LPS) are enhanced 
(Huang et al., 2019; Cani et al., 2008). As we previously showed, LPS 
directly down-regulates BMP-9 expression in hepatic stellate cells 
(Breitkopf-Heinlein et al., 2017). In line with this concept hepatic (but 
not intestinal) expression of BMP-9 was negatively correlated with 
serum LPS levels in our patient cohort, but this did not reach statistical 
significance and LPS serum levels were not significantly higher in the 
subgroup of already diabetic patients (Suppl. Fig. 4). Nevertheless, he
patic BMP-9 expression negatively correlated with the NAS score (Fig. 7) 
and this did reach significance levels but only in the subgroup of 
non-diabetic patients. In the diabetic patients this correlation was very 
weak, implying that possible anti-steatotic BMP-9 effects might be more 
relevant during the pre-diabetic stages. This assumption is also sup
ported by our finding that intestinal BMP-9 expression correlates with 
that of the marker of intestinal barrier function, E-Cadherin, which was 
significantly reduced in our diabetic sub-cohort (Fig. 6). 

In conclusion, our data support the concept of a beneficial function of 
BMP-9 under conditions of high-fat diet/obesity. As summarized in 
Fig. 9, our data imply that BMP-9 specifically expressed in the intestine 
upregulates local FGF19 expression but is at the same time itself down- 
regulated in the liver during steatosis development, which is possibly at 
least partially mediated by enhanced presence of LPS in the serum. 
Supplementation of BMP-9 or application of a BMP-9 mimetic might 
therefore represent a promising new therapy approach against steatosis 
and development of metabolic syndrome. 
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