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ABSTRACT 

Background: Marfan syndrome (MFS) is a genetic connective tissue disorder, associated with an 

increased TGF-β signaling. Losartan, a selective type 1Angiotensin II receptor blocker, emerged as a 

potential therapy for aortic disease in Marfan patients for its TGF-β antagonistic effects. We explored the 

role of TGF-β as a prognostic and therapeutic biomarker in adults with MFS. 

Methods and results:  

Plasma TGF-β levels were measured prior to initiation of losartan therapy in Marfan patients, compared 

with healthy controls and correlated with phenotype. After 1 month, measurements were repeated and 

molecular response in terms of TGF-β reduction was investigated.  

MFS patients had higher TGF-β levels than healthy controls (p=0.002; n=99; mean+/-SEM, 126 +/-21 

pg/ml versus n=22; mean+/-SEM, 54+/-9 pg/mL). TGF-β levels correlated with larger aortic root 

diameter and age (p=0.05 and 0.02).  Losartan reduced TGF-β levels in only 15 (36%) of 42 treated 

Marfan patients (responders) to levels observed in healthy controls (p=0.31). Other 27 (64%) of treated 

MFS patients showed no change or an increase in plasma TGF-β (non-responders). Responders had 

higher baseline TGF-β levels (p=0.05, n=15; mean+/-SEM, 189+/-43 pg/nl versus n=27, mean+/-SEM, 

90+/-22), more severe aortic disease and distinct FBN1 genotype as compared to non-responders. 

Baseline TGF-β levels and response were independent of additional beta-blocker therapy.  

Conclusions: Only a minority (36%) of MFS patients responded to losartan therapy with reduction of 

plasma TGF-β. These patients had higher baseline TGF-β levels, more severe aortic disease and distinct 

FBN1 genotypes. Plasma TGF-β might serve as prognostic and therapeutic marker in MFS.  
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INTRODUCTION 

Marfan syndrome (MFS) is a genetic disorder of the connective tissue affecting approximately 1-2 in 

5,000 individuals. It is a pleiotropic disorder with major features in cardiovascular, ocular and skeletal 

systems1. Aortic root dilatation accounts for most of the morbidity and mortality of these patients2. It is 

progressive and results in dissection and sudden death if untreated3. In a substantial number of patients 

aortic disease affects the descending aorta as well4. MFS is caused by mutations in the gene encoding for 

a fibrillin-1 (FBN1), a ubiquitous protein of the extra-cellular matrix (ECM)5.  

MFS has recently been associated with increased Transforming Growth Factor (TGF)-β signaling6. TGF-

β is a cytokine with diverse cellular functions, including cell proliferation and differentiation. It is 

involved in cancer pathogenesis, immunity, tissue fibrosis and many other processes. In addition to the 

role of fibrillin-1 as a structural component of the ECM, it regulates TGF-β activation through 

interactions with a TGF-β precursor, keeping it in its inactive form7. Due to aberrant or deficient fibrillin-

1, increased sequestration and activation of TGF-β occurs, causing most of the disease features in a well-

established mouse-model of MFS 6. Many disease manifestations, including aortic root dilatation, mitral 

valve prolapse, developmental emphysema and skeletal muscle myopathy were attenuated after TGF-β 

inhibition using TGF-β neutralizing antibodies in MFS mice. Interestingly, similar protection was 

achieved using Angiotensin II type receptor (AT) 1 blocker losartan8-10. Beneficial effect of losartan was 

confirmed in a small observational study with 18 MFS children with a severe aortic dilatation. However, 

in this study a highly variable response to losartan was observed11.  

Losartan is widely used for the treatment of hypertension and congestive heart failure. In addition to its 

anti-hypertensive effects, anti-inflammatory effects, reduction in platelet aggregation and the risk of 

diabetes type 2 has been suggested12, 13. Losartan is metabolized in the liver by cytochrome-P450 into two 

major metabolites: EXP3174 with predominantly AT1 receptor blocking effects and EXP3179 which 

exhibits anti-inflammatory and beneficial metabolic effects in an AT1 receptor independent fashion14. 
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Losartan decreases TGF-β signaling in tissues by reducing the expression of TGF-β ligands, receptors and 

activators15, 16. In MFS mice, both canonical (Smad-dependent) and non-canonical TGF-β signaling drive 

the aortic aneurysm development which is antagonized by losartan17, 18. However, the exact mechanism of 

TGF-β attenuation by losartan in MFS is not fully elucidated.  

In this study we explored the role of TGF-β as a prognostic and therapeutic biomarker in MFS. In 

addition, we investigated immediate molecular effects of losartan after therapy initiation on TGF-β blood 

levels and gene expression. We hypothesized that the molecular parameters of this immediate effect could 

be used as a biomarker of losartan therapy response in MFS patients if losartan proves to be clinically 

effective.   

METHODS 

MFS patients were the participants of the COMPARE trial 19, a randomized open-label trial investigating 

effects of losartan on aortic root dilatation in adult MFS patients on-top of beta-blockers. TGF-β levels 

were measured in plasma blood samples of participants at baseline and after one month losartan therapy. 

At the same time points transriptome wide gene expression in skin fibroblasts was assessed.  

Patients 

Present study is a sub-study of the COMPARE study19. The COMPARE study is a randomized 

clinical trial investigating effects of losartan on a wide range of clinical and molecular parameters in 

Marfan patients, which is still ongoing. Included patients were adults with an established diagnosis of 

MFS by Ghent Criteria 20, receiving no other cardiovascular medication than β-blockers. Patients were 

randomized to receive 100 mg losartan or no additional treatment. Healthy controls were recruited among 

the spouses and not affected siblings of MFS patients. Biological material sampling and the trial were 

conducted with approval from institutional review boards in four participating academic hospitals in the 

Netherlands (Academic Medical Centre Amsterdam; Radboud University Nijmegen Medical Centre; 
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Leiden University Medical Centre; University Medical Centre Groningen). Written informed consent was 

obtained from all participants. The COMPARE trial is registered: NTR1423. 

Patients were seen by a physician with experience in MFS at inclusion when all clinical features 

of MFS and medication were assessed. Aortic root diameters were measured by means of 

echocardiography according to the guidelines of European Society of Cardiology21.  Aortic root 

distensibility was measured by means of Magnetic Resonance Imaging (MRI) using methods described 

before22.    

Biological material 

Plasma sampling in MFS patients was performed at inclusion and after 1 month of losartan 

therapy. At the same time genome wide gene expression was assessed. Blood sampling in healthy 

controls was performed at one time point. EDTA blood was immediately stored on ice and processed 

within 30 minutes. Blood was centrifuged on 4 C°, 3220 rcf, for 10 minutes and snap frozen in aliquots in 

order to avoid repetitive thawing.   

Punch skin biopsies were taken from the upper thigh of patients after local anesthesia with ethyl 

chloride spray. In losartan treated patients, biopsies were repeated in proximity of the initial biopsy 

localization after one month of losartan therapy. Biopsies were immediately snap frozen in liquid nitrogen 

and stored at -80 °C until further processing.  

TGF-β measurements  

TGF-β levels were assessed in EDTA plasma samples.  Total TGF-β1, i.e. latent and active TGF-β, was 

determined with an ELISA using a commercially available kit (R&D Systems, Minneapolis, USA). The 

neo-epitope in active TGF-β that is recognized by the antibody pair is induced in latent TGF-β1 by acid-

activation (with 1M HCl).  
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Mutation detection and classification 

Mutation detection was performed using standard clinically available methods. In brief, mutation 

screening, with the consent of the patient, was performed by using either Single-Strand Conformation 

Polymorphism (SSCP) analysis, denaturing high-performance liquid chromatography, heteroduplex 

analysis, long-range RT-PCR, or direct sequencing of RNA extracted from cell lines or of genomic DNA 

from peripheral-blood samples. Pathogenic nature of the putative mutation was assessed using standard 

methods described earlier, also applied in the patient care 23-27.   

Furthermore, mutations were classified based on the effect on the fibrillin-1 protein in two major classes: 

mutations most likely leading to production of less or no mutant protein and mutations leading to 

dominant negative effect of the mutant protein  on the wild-type allele of FBN1. A full list of mutations 

and their classification are given in Supplementary table 1. 

Mutations leading to less fibrillin1- protein were considered to be: 

- Nonsense or frameshift mutations leading to a zero-allele as a consequence of nonsense mediated 

decay 

- Haploinsufficiency 

- Mutations leading to very short truncated protein 

- Missense mutations leading to degradation of the mutant protein 28. 

Mutations predicted to cause dominant negative effect were: 

- Mutations leading to exon skipping and thus shorter protein 

- Late nonsense mutations leading to shorter protein but close to the splice site not causing 

nonsense mediated decay 
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- Missense mutations leading to incorporation of stabile mutant protein into fibrils 

Predictions of mutation effects were made using Alamut software version 1.5 (http://www.interactive-

biosoftware) and predictions of glycosilation alterations due to mutations were made using YinOYang 1.2 

server (http://www.cbs.dtu.dk/services/YinOYang/). 

RNA isolation  

Full skin punch biopsies of 4 mm (~5-15 mg) were used to isolate total RNA. Skin biopsies were 

pulverized in liquid nitrogen and transferred to 1.5 ml tubes containing Qiazol (Qiagen Hilden, Germany). 

Crude RNA extractions were obtained according to the manufacturer’s instructions with the addition of 

Phase-Lock Gel Heavy (5 Prime) to obtain a better phase separation. The crude RNA fractions were 

further purified with the RNeasy Minelute Cleanup Kit (Qiagen Hilden, Germany) according to Appendix 

D protocol: RNA Cleanup after Lysis and Homogenization with QIAzol Lysis Reagent. RNA yield was 

measured on a Nanodrop ND-1000 (Thermo Fisher Scientific, Bremen, Germany) and the RNA quality 

was investigated on the BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA) with the RNA 6000 

Pico Chip Kit (Agilent Technologies, Palo Alto, CA). Only RNA samples with sufficient yield and RIN-

values above 6.5 were used for analysis.  

Microarrays  

Sense-strand cDNA was generated from total RNA using Ambion WT Expression Kit (Applied 

Biosystems, Foster City, CA) according to the  manufacturer’s instructions. Further steps were performed 

using manufacturer’s protocols for the GeneChip platform (Affymetrix, Santa Clara, CA). Those included 

purification of double-stranded cDNA, synthesis of cRNA by in vitro transcription, recovery and 

quantitation of biotin-labeled cRNA, fragmentation of this cRNA and subsequent hybridization to the 

microarray slide, posthybridization washings and detection of the hybridized cRNA using a streptavidin-

coupled fluorescent dye. Hybridized Affymetrix Arrays were scanned using the Gene-Chip Scanner 3000-



142 

 

7G (Affymetrix, Santa Clara, CA). Image generation and feature extraction were performed using 

Affymetrix GCOS Software v1.4.0.036 (Affymetrix, Santa Clara, CA). 

Statistical analysis 

Differences and correlations of plasma TGF-β levels  and different phenotypes were analyzed using 

(paired) t-test and linear regression modeling in the “stats” package of the R program (R Development 

Core Team (2010). R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria.http://www.R-project.org).  Distribution of clinical features among the 

groups was tested using Chi-square test and Fisher-exact test in R program. Microarray data were 

analyzed using paired univariate linear regression analysis with permutation testing using Significance 

Analysis of Microarrays package 29 in R program. Gene set analysis was performed using globaltest 

package in R program 30.  

RESULTS 

We included 99 MFS patients enrolled in the COMPARE trial of whom 42 were treated with losartan. 

Patients’ characteristics are presented in Table 1. Plasma TGF-β levels were also measured in 22 healthy 

volunteers, mean age 33 years (SD=9 years), 10 men (45%).  

 High plasma TGF-β levels were associated with severe aortic disease in MFS  

We first compared plasma TGF-β levels between MFS patients and healthy controls. Mean 

baseline plasma TGF-β level in MFS patients (126 pg/ml, SEM=21 pg/ml) was significantly higher than 

in healthy controls (53.6 pg/ml, SEM=8.7 pg/ml, p=0.002) (Figure 1).  
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Table 1: Patients characteristics 

Clinical features 
99 patients  

n (%) 
High TGF-β,  

30 MFS patients 
Normal TGF-β,  
69 MFS patients 

Mean age (SD)* 36 (11) 39 (12) 34 (11) 

Sex (male) 58 (58) 33 (57) 39 (58) 

β-blocker 73 (74) 21 (70) 52 (75) 

Cardiovascular    

 Aortic root dilatation† 84 (85) 30 (100) 54 (78) 

 Mean aortic root diameter, mm (SD) † 44 (5) 46 (4) 43 (5) 

 Aortic root operation 29 (29) 11 (37) 18 (26) 

 Mitral valve prolapsed 46 (46) 16 (53) 30 (43) 

 Dilatation of distal aorta 5 (3) 2 (7) 3 (4) 

 
Mean distensibility of aorta ascendens 
(SD), †  0.0034 (0.0019) 0.0024 (0.0015) 0.0036 (0.0019) 

Ocular    

 Lens dislocation 47 (47) 14 (47) 33 (48) 

Skeletal    

 Thumb and wrist sign 53 (53) 14 (47) 39 (56) 

 Pectus deformity*,‡ 55 (55) 12 (40) 43 (62) 

 Scoliosis 29 (29) 9 (30) 21 (30) 

 Hindfoot deformity 48 (48) 16 (53) 32 (46) 

 Joint hypermobility 22 (22) 6 (20) 16 (27) 

 Reduced elbow extension 15 (15) 5 (17) 11 (16) 

Other    

 Pneumothorax 15 (15) 7 (23) 8 (11) 

 Striae 68 (69) 18 (60) 50 (72) 

Note: Frequencies are given in patients numbers (%) if not indicated otherwise. SD –standard deviation; High 
versus normal TGF-β levels were defined based on the TGF-β levels in healthy volunteers:>/<135 pg/ml (mean 
value +2SD).   * -p=0.07 ; †- p<0.05; ‡Severe pectus excavatum and pectus carinatum were pooled together 
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Figure 1:  
MFS patients had significantly higher 
plasma TGF-β than healthy controls. 
Plasma TGF-β levels are shown in 
logarithmic scale. 

Figure 2: 
 Patients with high plasma TGF-β levels 
had more severe cardiovascular 
phenotype. A: All patients with high 
baseline TGF-β levels (>135 pg/ml) had 
dilated aortic root. B: Baseline plasma 
TGF-β levels correlated significantly with 
absolute aortic root diameters (regression 
prediction lines with 95% confidence 
intervals). C: Significant correlation of 
baseline plasma TGF-β levels with age 
were also observed  (regression prediction 
lines with 95% confidence intervals, TGF-
β levels are shown in logarithmic scale). 
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Next, we investigated whether patients with high plasma TGF-β levels had distinct clinical 

features. A threshold of 135 pg/ml was set based on the plasma TGF-β in healthy controls (mean plasma 

TGF-β +2SD). Patients were divided in two groups based on baseline plasma TGF-β levels: 30 MFS 146 

patients (30%) with high baseline plasma TGF-β levels (>135 pg/ml) and 69 (70%) with normal plasma 

TGF-β levels (<135 pg/ml). The distribution of clinical features in these groups is shown in Table 1. 

Interestingly, all patients with high TGF-β had aortic root dilatation (OR=inf, 95% CI:0-0.7; p=0.004) 

(Figure 2A); absolute aortic root diameter correlated with plasma TGF-β (β= 0.01, t=1.9, p=0.05) (Figure 

2B). Aortic root distensibility was lower (t=-2.5; p=0.02) (Table 1), indicating that these patients had 

more severe aortic disease. Furthermore, plasma TGF-β levels correlated with the age (β=2.5; 95% 

CI=0.43-4.5, p=0.02) (Figure 2C). Patients treated with beta-blockers had comparable plasma TGF-β 

levels to patients without beta-blockers (p-0.91) (Figure 2D). In addition, pectus deformities were more 

frequent in patients with high plasma TGF-β (t=1.9, p=0.07). 

Effects of losartan on plasma TGF-β levels 

In 42 patients who were randomized to losartan treatment, effects of losartan on plasma TGF-β 

levels after one month therapy were analyzed. Losartan showed no significant reduction of the average 

circulating TGF-β in plasma blood of all 42 treated patients (mean difference 101 pg/ml; 95% CI: -27:229 

pg/ml; p=0.12). However, there was a large variability in patients’ responses in terms of plasma TGF-β 

levels: in 15 patients (36%) plasma TGF-β levels reduced after the therapy initiation (responders), while 

in 27 (64%) patients either no change or an increase in plasma TGF-β levels were seen (non-responders). 

In responders, baseline TGF-β levels were significantly higher than in non-responders (189 ng/ml vs 93.5 

ng/ml, p=0.05) and reduced after 1 month of therapy to the level which was not different from the plasma 

TGF-β levels in healthy controls (t=1; p=0.31) Figure 3. 
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Figure 3  

 

Figure 3: In 36% of MFS patients (responders) losartan showed a decrease in plasma TGF-β levels after 1 month of 

treatment. Mean plasma TGF-β levels reduced to an average of 77 pg/ml which was not different from plasma TGF-

β levels in healthy controls. In other 64 % of MFS patients no reduction of plasma TGF-β was observed (non-

responders). Responders had significantly higher baseline TGF-β levels than non-responders. TGF-β levels are 

shown in logarithmic scale. 

 

To investigate whether responders were a clinically distinct group of patients, we compared the 

disease severity between responders and non-responders. (Table 2). Although no statistically significant 

differences were found, cardio-vascular profile of responders seemed more severe than that of non-

responders (Table 2). Responders were on average also slightly older than the non-responders, which is in 

concordance with higher TGF-β levels. The distribution of clinical features was therefore comparable to 

that of patients with high and normal baseline TGF-β. Interestingly, β-blocker therapy independently of 

dosage did not influence the response to losartan therapy or the baseline TGF-β levels (Table 2).  
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Table 2 Differences in clinical features and FBN1 genotype between responders and non-responders 

Clinical features 42 MFS patients, n (%) 15 responders 27 non-responders 

Mean age (SD) 36 (11) 38 (10) 35 (11) 

Sex (male) 25 (59) 7 (47) 18 (67) 

Cardiovascular    

 AoR dilatation 37 (88) 15 (100) 22 (81) 

 Mean AoR diameter (SD) 44 (5) 45 (4) 43 (6) 

 AoR operation 13 (31) 4 (27) 9 (33) 

 Mean age AoR operation (SD) 31 (14) 31 (11) 31 (15) 

 MV prolapsed 29 (69) 12 (80) 17 (63) 

 MV repair 4 (9) 1 (7) 3 (11) 

 FH of dissection 18 (43) 6 (40) 12 (44) 

 Dilatation of distal aorta 5 (12) 2 (13) 3 (11) 

 
Distensibility of a. ascendens 
(mmHg-1)  0.0030 ( 0.0020) 

0.0025 
(0.0016) 0.0034 (0.0021) 

β-blocker 33 (78) 11 (73) 22 (81) 

 dosage >=100 mg  19 (57) 6 (40) 13 (48) 

 dosage <100 mg  14 (43) 5 (33) 9 (33) 

Mutation*    

 dominant negative effect 24 (71) 14 (100) 10 (50) 

 less protein 10 (29) 0 (0) 10 (50) 
Note: Values are given in absolute numbers (percentage) if not otherwise indicated.  
SD –standard deviation; AoR – aortic root ; a.-aorta; MV-mitral valve; FH-family history 
* p=0.002. In 36 patients a FBN1 mutation was found; in three patients mutation analysis was not performed and in 
three patients (8%) no mutation in FBN1, TGFBR1, TGFBR2 and ACTA2 genes was found. In two patients effects 
on the protein could not be predicted 

 

Next, genotypes of responders and non-responders were compared. Interestingly, all responders carried a 

FBN1 mutation leading to a dominant negative effect on the normal fibrilline-1 allele, while all mutations 

leading to less fibrillin-1 protein were in the group of non-responders (Table 2). This difference was 

statistically significant (OR=0; 95% CI: 0-0.43; p=0.002). As responders also had higher baseline TGF-β 

levels than non-responders, we compared baseline TGF-β between the two genotype groups in order to 

investigate the contribution of genotype to circulating TGF-β levels. Patients carrying FBN1 mutations 

leading to dominant negative effect had higher plasma TGF-β levels (mean+/-SEM: 169 +/- 32 pg/ml) 
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compared to patients carrying mutations leading to less fibrillin-1 production (mean+/-SEM: 50+/- 27 

pg/ml; t=2.9, p=0.008). (Figure 4) 

 

Figure 4: Effects of mutation type on plasma 
TGF-β levels. Plasma TGF-β was significantly 
higher in MFS patients carrying a FBN1 
mutation leading to a dominant negative effect 
on fibrillin-1 protein level than in patients with 
a FBN1 mutation leading to less fibrillin-1 
production (mean+/-SEM: 169 +/- 32 pg/ml 
versus 50+/- 27 pg/ml; t=2.9, p=0.008). 
Dominant negative mutations lead to a 

structurally defect fibrillin-1 protein which is incorporated in fibrils, antagonizes the product of the normal allele 
and results most probably in more TGF-β activation than in mutations leading simply to less fibrillin-1 protein 
production. TGF-β levels are shown in logarithmic scale. 

 

As baseline plasma TGF-β was higher in the responders than non-responders, we investigated 

whether this process could also be seen on gene expression level. Therefore we compared baseline gene 

expression profiles across the groups of responders and non-responders in whom gene expression 

measurements were available (n=6 and n=10 respectively). Responders had also higher expression levels 

of TGFβ-induced factor homeobox 2-like (TGIF2LY) gene in skin (FDR=0%), which reduced to the 

levels seen in non-responders after 1 month of losartan therapy (t=3, p=0.03), Figure 5.  

Figure 5: Differences in 
baseline gene expression 
pattern in skin between 
responders and non 
responders. In responders, 
baseline levels of TGIF2LY 
gene was higher than in non-
responders and significantly 
reduced after 1 month of 
losartan therapy. FDR-false 
discovery rate 
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Effects of losartan on gene expression of the connective tissue 

When transcriptome wide gene expression changes after one month of losartan therapy were 

investigated, expression of 59 genes was significantly up-regulated (FDR<5%), Supplementary Table 

2.Most genes were involved in lipid metabolism, which was confirmed when these genes were tested for 

functional annotation with significance level of <0.01 in the KEGG and Gene Ontology (GO) databases. 

According to the KEGG database, three pathways were significantly overrepresented: proteasome, steroid 

biosynthesis and peroxisome proliferator-activated receptor (PPAR) signaling pathways. According to the 

GO, 22 hits for GO biological process were significant, with lipid metabolism and ubiquitin-protein ligase 

pathways predominating (data not shown).  

As losartan seemed to have effects on TGF-β pathway, lipid metabolic pathway and 

inflammation, we investigated on gene expression level which pathway is most affected after initiation of 

losartan therapy ( i.e. after 1 month of treatment) on gene expression level, using gene set analysis 

approach. We investigated five pathways (Table 3). TGF-β receptor signaling pathway (GO: 0007179) 

and TGF-β production pathway (GO:0071604) revealed the lowest p-values (p=0.07 and p=0.04 

respectively). 

Table 3 Pathway specific gene set analysis of gene expression changes after 1 month of losartan therapy  

Pathway GO ID Number of genes p-value 

TGF-β receptor signaling pathway GO:0007179 149 0.07 

TGF-β production GO:0071604  77 0.04 

Lipid metabolic process GO:0006629 541 0.12 

Inflammatory response GO:0006954 1576 0.15 

Renin-angiotensin blood pressure regulation GO:0003081 19 0.22 
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DISCUSSION 

This study showed two prominent novel findings: a highly variable response between losartan treated 

patients in terms of plasma TGF-β reduction and a correlation of aortic disease severity with plasma TGF-

β levels in MFS patients.  

Only 36% of treated patients had a reduction of plasma TGF-β after initiation of therapy 

(responders). Interestingly, TGF-β was reduced to normal levels. These patients had higher baseline TGF-

β levels, more severe aortic disease and a distinct FBN1 genotype compared to non-responders. Similar 

baseline TGF-β levels dependent response to losartan therapy was previously found by Esmatjes et al in 

diabetes mellitus patients31. Losartan reduced albuminuria and TGF-β levels only in those patients who 

had increased baseline TGF-β. In our study, responders always had a FBN1 genotype leading to a 

dominant negative effect on fibrillin-1 protein level. Dominant negative mutations lead to a structurally 

defect fibrillin-1protein which is incorporated in fibrils and antagonizes the product of the normal FBN1 

allele. These mutations have a more severe effect on microfibril structure than mutations simply leading 

to less protein production. Microfibrils bind TGF-β precursors and keep it in inactive form. In that light, 

dominant negative mutations are expected to lead to more TGF-β activation as we found in our patient 

population. On gene expression level, responders had increased levels of TGIF2LY  gene, which belongs 

to a TGF-β induced homeobox family of transcription factors. Its’ levels decreased significantly after 

losartan therapy. TGIF2LY is situated on the Y chromosome in a block of sequence that is considered to 

be the result of a large X-to-Y chromosome transposition32. It has a homolog TGIF2LX on X chromosome 

which is structurally very similar. Cross-hybridization on the microarray is therefore likely33, thus 

expression levels measured probably reflect the expression levels of both genes. 

To the best of our knowledge, this is the first study which found a correlation of plasma TGF-β levels 

and aortic phenotype in MFS patients. Patients with high plasma TGF-β levels had more severe aortic 

root disease. However, these patients were also slightly older than those with normal TGF-β levels. This 
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suggests plasma TGF-β increases with age, just as aortic root dilatation is age-dependent. Our patient 

population consisted of average adult MFS patients in whom the age-dependent aspect of the disease is 

most prominent with aortic root dilatation generally occurring between 20 and 40 years of age 3. Plasma 

TGF-β may  therefore serve as a biomarker of aortic disease progression, although a comprehensive 

prospective study of TGF-β levels in most severe young MFS patients would be of additional benefit in 

defining the role of plasma TGF-β levels as a biomarker of aortic disease.  Plasma TGF-β levels in our 

patient population were markedly lower than in MFS patients reported by Matt et al34. This can probably 

be explained by different blood collection and processing protocols, as plasma TGF-β has a very short 

half-time in blood 35 and is released by different blood cells, predominantly platelets. In our study, blood 

samples were processed in a uniform way which allows a comparison. This issue may be a problem for 

defining the absolute inter-laboratory thresholds for initiation of losartan therapy if plasma TGF-β proves 

to be a good biomarker of its clinical effects.  

 Interestingly, plasma TGF-β levels were similar in β-blockers treated MFS patients and those without 

beta-blockers. In addition, prospective reduction of plasma TGF-β levels was not dependent on additional 

beta-blocking therapy. Therefore, we demonstrated that losartan reduces plasma TGF-β levels in MFS 

patients already treated with beta-blockers. This is the first study indicating that losartan might have 

superior effects on top of beta-blockers in adult MFS patients, although the clinical relevance of this 

finding still needs to be confirmed. The only other observational study investigating circulating TGF-β 

levels in MFS patients by Matt et al. found that patients treated with losartan and beta-blockers had same 

circulating TGF-β levels as those on beta-blockers only34. Several studies linked β-adrenergic and TGF-β 

signaling. In our population, however, beta-blockers did not show lowering effects on plasma TGF-β. 

Beta-blockers reduce the structural damage of the aortic root through their negative chronotropic and 

inotropic effects. Therefore, beta-blockade might indirectly reduce TGF-β activation as a remodeling 

mediator. Losartan, however, has more direct effects on TGF-β signaling pathway and reduces both TGF-
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β expression and activation36. In line with this evidence, on gene expression level in skin we found that 

losartan modified the TGF-β production and signaling pathway.  

The main limitation of this study is a short follow-up and no information on clinical response to 

losartan therapy. Although a clinical response is not expected after such a short period of time and the 

clinical trial is still running, our findings raise the question whether clinical response is expected in only 

about 35% of adult MFS patients. Two possible explanations for such a low response rate could be low 

therapy compliance and the problem of reaching the molecular effects with a clinical dosage of losartan. 

The first problem is perhaps less likely in our study design because molecular response was measured 

after a short period after therapy initiation (1 month) in motivated participants at the first study visit to 

evaluate the side effects of the drug. Second explanation – the problem of reaching molecular effects with 

clinical dosage of losartan- might be of greater concern. In addition, this molecular response might be 

more time consuming or indirect in certain patients and clinical response would be of a great additional 

value to evaluating this problem.  

In conclusion, plasma TGF-β levels are significantly higher in MFS patients than healthy controls and 

correlate with the absolute aortic diameters in MFS patients. Losartan reduced circulating TGF-β levels 

only in 36% of treated patients after therapy initiation to normal levels, irrespective of additional beta-

blocker treatment. These patients had higher plasma TGF-β levels, more severe aortic disease and a 

distinct FBN1 genotype compared to non-responders. Losartan therapy response seemed dependent on the 

level of TGF-β activation which was supported on transcriptional level in skin. Together, these findings 

introduce the role of plasma TGF-β as a possible prognostic and therapeutic biomarker and support the 

expected clinical outcome of losartan therapy- a superior reduction of aortic dilatation in a subgroup of 

MFS patients. 
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Supplementary Table 1: FBN1 mutations of losartan treated MFS patient and their classification based on effects on fibrillin-1 protein: 

Mutation Aminoacid level Predicted or proven effect on the protein 

c.737-1G>A inframe deletion, exon 6 skip Dominant negative effect  

c.2216G>A Cys739Tyr Dominant negative effect  

c.4605T>A Tyr1535X Dominant negative effect  

c.7916A>G Tyr2639Cys Dominant negative effect  

Deletion exons50-63 inframe deletion Dominant negative effect  

c.5371T>C Cys1791Arg Dominant negative effect  

c.4526A>G Tyr1529Cys Dominant negative effect  

c.2181T>A Cys727X Dominant negative effect  

c.2462G>T Cys821Phe Dominant negative effect  

c.6997+5G>A splice error, exon skip Dominant negative effect  

c.364C>T Arg122Cys Dominant negative effect  

c.6038-1G>C splice error, exon skip Dominant negative effect  

c.6883T>C Cys2295Arg Dominant negative effect  

c.2132G>A Cyst711Tyr Dominant negative effect  

c.2638G>A Gly880Ser Dominant negative effect  

c.5437C>T Gln1813X Less fibrillin-1 protein  

c.6386A>G Asp2129Gly Less fibrillin-1 protein  

c.1011C>A Tyr337X Less fibrillin-1 protein  

c.5371T>C Cys1791Arg Dominant negative effect  

c.5504G>A Cys1853Tyr Less fibrillin-1 protein  

c.4942+2T>C splice error Less fibrillin-1 protein  

c.8015G>A Cys2672Tyr Dominant negative effect  

c.6548delA Frameshift Less fibrillin-1 protein  

c.4998C>G Silent no effect predicted, no fibroblasts available for analysis 
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Mutation Aminoacid level Predicted or proven effect on the protein 

c.3464-6C>A insertion of 4 bases leading to 
frameshift and 0-allele 

Less fibrillin-1 protein  

c.7940A>C Gln2617Pro no effect predicted, no fibroblasts available for analysis 

c.2638G>A Gly880Ser Dominant negative effect  

c.6616+1G>A splice error, exon skip Dominant negative effect  

c.4686C>A Cys1562X Less fibrillin-1 protein  

c.6806T>C Ile2269Thr Dominant negative effect  

c.656delA His219Pro Less fibrillin-1 protein  

c.1463G>T Cys488Phe Less fibrillin-1 protein  

deletionexons50-63 inframe deletion Dominant negative effect  

c.1076G>A Cys359Tyr Dominant negative effect  
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Gene FC FDR Function 

HNRNPH2 1.2 0.0 pre-mRNA processing 

ELOVL3 1.8 0.0 Skin barrier function 

PSMB5 1.2 0.0 Non-lysosomal ATP dependent protein cleavage 

KRT79 1.9 0.0 Skin barrier function 

PM20D1 2.2 0.0 - 

GAL 2.1 0.0 Neurotransmitter with neuroendocrine functions 

AWAT2 1.9 0.0 Lipid metabolism 

HNRNPH3 1.2 0.0 pre-mRNA processing 

ACSBG1 1.5 0.0 Lipid metabolism 

DGAT2L6 1.9 0.0 Lipid metabolism 

ACSM3 1.4 0.0 Lipid metabolism 

PSMB6 1.4 0.0 Non-lysosomal ATP dependant protein cleavage 

HMGCS1 1.4 0.0 Fatty acid and steroid metabolism 

PXMP2 1.2 0.0 Chanel forming protein of peroxismal membrane 

EIF3E 1.3 0.0 Cap-dependent translation initiation 

TMEM97 1.3 0.0 Cellular cholesterol levels regulation 

FUS 1.2 0.0 Component of the hnRNP complex 

FAR2 1.4 0.0 Fatty alcohol synthesis 

FADS1 1.6 0.0 Desaturation of fatty acids 

SOAT1 1.5 0.0 Cholesterol ether synthesis 

TMEM91 1.2 0.0 - 

CIDEA 1.3 0.0 Apoptosis 

FADS2 1.8 2.0 Desaturation of fatty acids 

TAF15 1.2 2.0 RNA transcription 

KARS 1.1 2.0 Class II family of tRNA synthetases 

AGPAT3 1.2 2.0 Phospholipids biosynthetic pathway 

MAGT1 1.1 2.0 Magnesium transporter on cell membrane 

NSDHL 1.2 2.0 Cholesterol  biosynthesis 

C7orf68 1.2 2.0  - 

NME1 1.2 2.0 Involved in methastatic cancer progression 

BCL2L2 1.1 2.0 Regulation of apoptosis 

MRPL28 1.1 2.0 Mitochondrial ribisomal protein 

RDH11 1.2 2.0 Short chain dehydrogenase, androgens metabolism 

FBP1 1.2 2.0 Gluconeogenesis 

INSIG1 1.3 2.6 Cholesterol metabolism, insulin induced 

SPINK1 1.3 2.6 Trypsin inhibitor 

LOC171220 1.2 2.6  - 

Supplementary Table 2: Genes after 1 month of losartan therapy  
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Gene FC FDR Function 

SLC27A2 1.4 2.6 Fatty acid metabolism 

SLMO2 1.2 2.6  - 

CYP4F8 1.4 2.6 Cytochrome P450 family 8 

RAB21 1.2 2.6 Intracellular vesicular targeting 

IDI1 1.2 2.6 Cholesterol biosynthesis 

PSMC5 1.1 2.6 Proteasome protein 

SEPX1 1.2 2.6 Transcription regulation 

SC5DL 1.2 2.6 Cholesterol biosynthesis 

HAO2 1.3 2.6 Glycolate metabolism 

PGRMC2 1.2 2.6 Steroid metabolism 

ACSL1 1.2 2.6 Fatty acid metabolism 

ME1 1.3 2.6 NADPH signaling 

PSMA7 1.1 2.6 Immunoproteasome (MHC I) 

S100A14 1.3 2.6 Ca++-dependent signal transduction 

HNRNPH1 1.1 2.6 pre-mRNA processing 

BRCC3 1.2 3.5 Member of BRCA1/2 containing complex; DNA repair 

OSTF1 1.2 3.5 Osteoclast formation and bone resorption 

ADFP 1.2 3.5 Lipid accumulation 

VPS29 1.1 3.5 Vacuolar transport 

SGK2 1.3 3.5 Serine/threonine protein kinase 

FDFT1 1.2 3.5 Cholesterol biosynthesis 

RCAN1 1.1 3.5 Regulation of calcineurin pathway 

 

 

Supplementary Table 3: Functional annotation of significantly changing genes after losartan therapy 

according to KEGG database 

Pathway KEGG ID Genes OR p-value 

Proteasome 03050 PSMB5,PSMB6,PSMC5,PSMA7 3.5 0.001 

Steroid biosynthesis 00100 SOAT1,NSDHL,SC5DL,FDFT1 4.9 0.00002 

PPAR signaling  03320 FADS2,SLC27A2,ACSL1,ME1 3.2 0.002 
Note: OR-Odds ratio when compared to the whole genome




