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Abstract: Alström syndrome (ALMS) is an ultra-rare monogenic disease characterized by insulin
resistance, multi-organ fibrosis, obesity, type 2 diabetes mellitus (T2DM), and hypertriglyceridemia
with high and early incidence of non-alcoholic fatty liver disease (NAFLD). We evaluated liver fibrosis
quantifying liver stiffness (LS) by shear wave elastography (SWE) and steatosis using ultrasound
sonographic (US) liver/kidney ratios (L/K) in 18 patients with ALMS and 25 controls, and analyzed
the contribution of metabolic and genetic alterations in NAFLD progression. We also genetically
characterized patients. LS and L/K values were significantly higher in patients compared with
in controls (p < 0.001 versus p = 0.013). In patients, LS correlated with the Fibrosis-4 Index and
age, while L/K was associated with triglyceride levels. LS showed an increasing trend in patients
with metabolic comorbidities and displayed a significant correlation with waist circumference, the
homeostasis model assessment, and glycated hemoglobin A1c. SWE and US represent promising
tools to accurately evaluate early liver fibrosis and steatosis in adults and children with ALMS
during follow-up. We described a new pathogenic variant of exon 8 in ALMS1. Patients with
ALMS displayed enhanced steatosis, an early increased age-dependent LS that is associated with
obesity and T2DM but also linked to genetic alterations, suggesting that ALMS1 could be involved in
liver fibrogenesis.

Keywords: Alström syndrome; metabolic syndrome; FIB-4; fibrosis; liver/kidney ratio; NAFLD;
shear wave elastography; obesity; diabetes

1. Introduction

Alström syndrome (ALMS; OMIM #203800) is an ultra-rare, autosomal recessive
monogenic disease characterized by a wide spectrum of clinical manifestations involving
insulin resistance (IR), multi-organ fibrosis, obesity, type 2 diabetes mellitus (T2DM),
hypertriglyceridemia, and hepatic dysfunction [1–3]. ALMS is caused by mutations in
the ALMS1 gene [4–10], which encodes a ubiquitously expressed protein localized to
the centrosome and basal bodies of ciliated cells implicated in cytoplasmic microtubular
organization, intracellular transport, and cilia assembly or function [11–15].

Liver involvement in ALMS was firstly described with pathological findings of chronic
active hepatitis in a child [16]. Later, acute liver failure, hepatocellular carcinoma (HCC),
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and esophageal varices bleeding were observed in young patients [17–20]. An evaluation
from all over the world reporting hepatic and gastrointestinal findings in 97 patients with
ALMS revealed hepatomegaly and splenomegaly, since the age of 8 years, biopsies with
hepatic steatosis, bridging fibrosis and cirrhosis and esophageal and gastric varices [21].
Very recently, the first liver transplant in a 19-year-old male patient with ALMS has been
described, with a positive follow-up at 2 years [22].

Nonalcoholic fatty liver disease (NAFLD) is characterized by excessive hepatic fat
accumulation, is associated with IR and includes non-alcoholic fatty liver (NAFL) and
nonalcoholic steatohepatitis (NASH), ranging from fibrosis, cirrhosis to HCC. Fibrosis is
the most important prognostic factor in NAFLD, and it is correlated with mortality [23,24].
Liver biopsy is still considered the gold standard in the evaluation of liver fibrosis, even
though it is invasive, painful, costly and affected by sampling limitations [25,26]. Therefore,
liver biopsy is not the ideal method for repeated assessments of disease progression,
and new non-invasive procedures are needed. Several scores and indexes have been
validated to detect advanced hepatic fibrosis in patients with NAFLD, such as the alanine
aminotransferase (ALT)/aspartate aminotransferase (AST) ratio, the AST-to-platelet ratio
index (APRI), and the Fibrosis-4 Index (FIB-4) [27–30], and innovative biomarkers have been
proposed in patients with obesity [31]. Moreover, imaging methods have been developed,
such as transient elastography (TE), FibroScan®, and shear wave elastography (SWE). SWE
is a newer non-invasive method that, like TE, estimates the speed of a shear wave to provide
a quantitative measure of liver stiffness (LS) with the advantage of simultaneous anatomic
B-mode ultrasound imaging. Different from TE, SWE allows the selection of a liver region
devoid of blood vessels or focal lesions for analysis and guarantees a higher accuracy in
patients with obesity [32–34]. On the other hand, to diagnose and grade hepatic steatosis,
the sonographic hepatorenal ratio (or liver/kidney ratio, L/K), is a noninvasive, objective
and simple method correlating with histologic samples analysis and proton magnetic
resonance spectroscopy measurements [35,36].

The aim of our study was, firstly, to quantity liver fibrosis and steatosis in ALMS, using
these accurate imaging-derived quantitative estimations (LS and L/K) and correlate them
with other clinical and biochemical parameters. Secondly, we analyzed the contribution
of metabolic alterations, such as obesity and T2DM, in the progression of NAFLD in this
genetic disease, which displays several aspects of the metabolic syndrome and in which
fibrosis could play a peculiar and relevant role.

2. Materials and Methods
2.1. Patients and Control Subjects

Eighteen patients who fulfilled clinical diagnostic criteria for ALMS [37] and carried
ALMS1 pathogenetic variants were enrolled at the Internal Medicine 3, Padua University
Hospital, in the period between 2017 and 2019. Patients underwent a multi-disciplinary
evaluation, and a complete medical history was taken (nutritional aspects, physical activity,
smoking and drinking habits, drug and medications, and past and current medical con-
ditions). The diagnosis of T2DM, hypertension, and metabolic syndrome was performed
according to recent guidelines [38–40]. We recruited 25 healthy volunteers as ultrasound
sonographic (US) controls with a negligible daily alcohol consumption. Control subjects
had a normal weight (body mass index (BMI): 22.4 ± 4.5 kg/m2) and were age-matched
with the patients with ALMS (age: 28 ± 8 years). The study was conducted in accordance
with the Declaration of Helsinki and approved by the Local Ethics Committee (Prot. n.
2371P); informed written consent was obtained by each patient.

2.2. Genetic Analysis

Genomic DNA, obtained by the QIAamp DNA Mini Kit (QIAGEN GmbH, Hilden,
Germany) extraction from the peripheral blood of all ALMS patients, was amplified using
a standard PCR protocol with the HotStarTaq Master Mix Kit (QIAGEN) using primer
sequences firstly for “hot spot” regions of ALMS1 (exons 8, 10, and 16) and, if negative,
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for all other exons (1–7, 9, 11–15, and 17–23). Amplicons were purified with Illustra
ExoProStar (GE Healthcare, Chicago, IL, USA), sequenced using the BigDye Terminator
Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham, MA, USA) and analyzed by
the 3130xl Genetic Analyzer (Thermo Fisher Scientific). Coding regions and exon–intron
boundaries were analyzed; primers sequence and conditions are available on request.
Sequences were compared to the GenBank reference sequence NM_015120.4 for ALMS1
using Clustal Omiga, a freely available tool [41]. Pathogenic variants of ALMS1 identified
by genomic sequencing were described according to the guidelines of the Human Genome
Variation Society (HGVS) reported by den Dunnen et al. [42] and were validated using
VariantValidator.org_v0.1.3 [43]. The new variant described in the present study was
submitted to the Euro-WABB online database, a locus-specific database (in the Leiden
Open Variation Database format) listed by the Human Genome Variation Society in the
Locus Specific Mutation Databases LSDBs (www.HGVS.org) [7].

2.3. Anthropometric Measurements

All anthropometric measurements were taken with subjects wearing only light clothes
without shoes. Height was measured to the nearest 0.01 m using a stadiometer. Body
weight was determined to the nearest 0.1 kg using a calibrated balance beam scale. Waist
circumference was assessed using a tape measure, and BMI was calculated as weight (kg)
divided by the height squared (m2). We were not able to collect waist measurements for
3 of the 18 patients.

2.4. Biochemical Assessment

For each patient, we measured fasting plasma glucose (FPG), basal insulin, C-peptide,
lipid profile ((total cholesterol (TC), high-density-lipoprotein cholesterol (HDL-cholesterol)
and low-density-lipoprotein cholesterol (LDL-cholesterol), triglycerides (TG)), platelets,
urea, serum creatinine, ALT, AST, and gamma glutamiltrasferase (GGT). All biochemical
blood analyses were performed with a standard diagnostic kit according to the WHO First
International Reference Standard: fasting glucose (Glucose HK Gen.3, Roche Diagnostic,
Indianapolis, IN, USA), insulin, (IMMULITE 2000 Immunoassay, Siemens Healthcare
GmbH, Erlangen, Germany), and glycated hemoglobin A1c (Hb1Ac) (HPLC). Platelets
were measured by flow cytometry (Sysmex Europe GmbH, Norderstedt, Germany), serum
lipids were evaluated by a spectrophotometer (Roche Diagnostic, Indianapolis, IN, USA),
and urea, serum creatinine, ALT, AST, and GGT titers were assayed by the enzymatic
method with the addition of pyridoxal-5-phosphate in compliance with IFCC reference
methods [44]. Glomerular filtration rate (GFR) was estimated by the chronic kidney
disease epidemiology collaboration (CKD-EPI) equation. The insulin-resistance index
was indirectly estimated using the homeostasis model assessment (HOMA) as following:
fasting serum insulin (µU/mL) × fasting plasma glucose (mmol/L))/22.5 [45]. HOMA
was not calculated in patients with insulin treatment.

2.5. Non-Invasive Fibrosis Markers

The ALT-to-AST ratio (ALT/AST) was calculated by dividing the ALT concentra-
tion by the AST concentration (U/L) [27]. The references ranged from, according to
our laboratory, 7 to 35 U/L for ALT and 10 to 35 U/L for AST. The APRI was calcu-
lated as AST (U/L)/(upper limit of normal)/platelet count (×109/L) × 100 [27,28]. The
FIB-4 was calculated using the following equation: (age (years) × AST)/(platelet counts
(×109/L) × ALT1/2) [27,29].

2.6. Ultrasound Scan

All patients and controls were referred to for an US (Canon Medical System, Aplio
i800, probe i8cx1, US band between 4 MHz and 6 MHz) of the abdomen in order to detect
the presence and the degree of hepatic steatosis and to assess LS. Each US was performed
by the same sonographer of the Internal Medicine 5 at Padua University Hospital. Pa-
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tients and controls fasted from the midnight of the day scheduled for the scan. SWE
measurements were performed on the right lobe of the liver, through intercostal spaces
with the patient lying in the supine position with the right arm in the maximal abduction.
Measurements were performed at least 1.5 to 2.0 cm beneath the Glisson capsule to avoid
reverberation artifacts. The mean value of 5 consecutive measurements was used for statis-
tical analyses. The steatosis diagnosis was based on the L/K consisting in the comparison
between the echogenicity intensity measured in the liver (region of interest: approximately
1.2 cm × 1.2 cm) and in the right kidney cortex, sampled at the same depth to reduce the
attenuation bias of the two different organs [35,36]. Echo intensity analysis of digitized
B-mode images was performed using the software Horos®. To determine the presence
of steatosis, we considered a cut-off value of 1.6 calculated as mean value (1.2) ± 2 SD
(0.2) in our control group. Patients with signs of portal hypertension at the US underwent
esophagogastroduodenoscopy, and esophageal varices were classified according the Japan
Society for Portal Hypertension [46]. All the measures were performed in accordance with
the Italian Association for the Study of the Liver (AISF) [47].

2.7. Statistical Analysis

Statistical analyses were performed using the Systat Software SigmaPlot v.13 (Adalta,
Arezzo, Italy). All variables were tested by the normality test (Shapiro–Wilk test) and
the equal variance test (Brown–Forsythe). Data are presented as the mean value ± SD,
when the normality test and equal variance test passed or, if not, as the median value
(25th–75th percentile). The Spearman’s correlation coefficient (r) and the relative p-values
were calculated to analyze simple linear correlations between two variables. Comparisons
between patients and controls were analyzed by the Mann–Whitney U-test for independent
samples and Fisher’s exact test in categorial variables. In all analyses, the p-values were
two-sided, and a p-value lower than 0.05 was considered statistically significant. Skewed
data were analyzed by logarithmic transformation.

3. Results
3.1. Clinical, Biochemical, and Genetic Characterization of Patients with ALMS

Clinical evaluation and biochemical parameters of the 18 patients with ALMS are
reported in Table 1.

All patients were genetically characterized, and all ALMS1 variants identified were
predicted to cause premature protein truncation; thus, they can be considered true pathogenic
variants. We were not able to identify the second ALMS1 pathogenic variant in 3 out of
18 ALMS patients (17%). We described a new pathogenic variant of ALMS1 in exon 8:
c.2611_2614delTTCT p.(Phe871Ilefs*10), a deletion of four nucleotides causing a frameshift
and predicting a truncated protein of only 871 amino acids (aa) compared with the wild
type spanning 4169 aa (Table 2).

The prevalence of overt T2DM in patients with ALMS was 44% (8/18), the prevalence
of obesity was 28% (5/18), hypertension was present in 33% (6/18), and the prevalence of
metabolic syndrome was 56% (10/18).

Nine patients out of eighteen (50%) showed an increase in transaminases (AST and/or
ALT) above the normal range; the three patients (17%) with signs of portal hypertension
(splenomegaly or/and esophageal varices) during the US and their esophagogastroduo-
denoscopy results are described in detail in Table 3. All these three patients presented the
criteria for the diagnosis of metabolic syndrome.
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Table 1. Anthropometric characteristics and biochemical parameters in 18 patients with Alström
syndrome (ALMS). Data are presented as the mean values ± SDs when the normality test (Shapiro–
Wilk) and the equal variance test (Brown–Forsythe) were passed or, if not, as the median value
(25th–75th percentile).

Patients with ALMS
(n = 18)

Sex (M/F) 7/11
Age (y) 24 ± 11

Weight (kg) 63.9 ± 12.7
BMI (kg/m2) 27.1 ± 4.3

WC (cm) 86 ± 10
Platelets (×109/L) 215 ± 77

FPG (mg/dL) 4.2 (3.8–6.2)
Insulin (mU/L) 17.7 (10.8–36.7)

C-peptide (µg/L) 3.6 (2.2–6.2)
HOMA 3.5 (2–6.3)

Hb1Ac (mmol/mol) 34 (32–40)
TC (mg/dL) 163 ± 49

HDL (mg/dL) 39 (36–51)
LDL (mg/dL) 100 ± 30
TG (mg/dL) 114 (61–168)
ALT (U/L) 39 (25–73)
AST (U/L) 29 (21–46)
GGT (U/L) 42 (19–61)

Urea (mmol/L) 5.4 (4.6–6.8)
Creatinine (µmol/L) 63 (59–78)

eGFR (mL/min/1.73 m2) 117 ± 33
FIB-4 0.49 (0.34–0.92)
APRI 0.36 (0.22–0.71)

ALT/AST 1.23 (1–1.69)
M: male. F: female. BMI: body mass index. WC: waist circumference. FPG: fasting plasma glucose. HOMA:
homeostasis model assessment-insulin resistance index. Hb1Ac: glycated hemoglobin A1c. TC: total cholesterol.
HDL: high-density-lipoprotein cholesterol. LDL: low-density-lipoprotein cholesterol. TG: triglycerides. ALT:
alanine aminotransferase. AST: aspartate aminotransferase. GGT: gamma glutamil transferase. eGFR: estimated
glomerular filtration rate. FIB-4: Fibrosis-4 index. APRI: AST-to-platelet ratio index. ALT/AST: ALT-AST ratio.

Table 2. Description of ALMS1 pathogenic variants in patients with ALMS. Pathogenic variants of ALMS1 identified by
genomic sequencing were described as c.DNA variants with respect to the reference sequence NM_015120.4 according to
the guidelines indicated by the Human Genome Variation Society (HGVS) described by den Dunnen et al. [42] and were
validated using VariantValidator.org_v0.1.3 [43].

(A)

GENOTYPE
Allele 1

ID Variant Exon Protein Reference

1 ? ? ?
2 c.7304_7305delAG 8 p.(Glu2435Valfs *7) Marshall 2015

3 * c.1046G > A 5 p.(Trp349 *) Nasser 2018; Weisschuh 2016
4 * c.1046G > A 5 p.(Trp349 *) Nasser 2018; Weisschuh 2016
5 c.2164A > T 8 p.(Lys722 *) Marshall 2015

6 # c.3019dupA 8 p.(Arg1007Lysfs *15) Marshall 2015
7 # c.3019dupA 8 p.(Arg1007Lysfs *15) Marshall 2015
8 c.1568dupT 8 p.(Ser524Lysfs *13) Marshall 2015

9 § c.3425C > G 8 p.(Ser1142 *) Marshall 2015
10 § c.3425C > G 8 p.(Ser1142 *) Marshall 2015
11 c.4937C > A 8 p.(Ser1646 *) Marshall 2015
12 c.2041C > T 8 p.(Arg681 *) Dassie 2021

13 + c.3425C > G 8 p.(Ser1142 *) Marshall 2015
14 + c.3425C > G 8 p.(Ser1142 *) Marshall 2015
15 c.6486_6489delAACT 8 p.(Thr2163Lysfs *4) Marshall 2015
16 c.10557dupT 16 p.(Pro3520Serfs *5) Dassie 2021
17 c.3251_3258delCTGACCAG 8 p.(Ala1084Aspfs *3) Marshall 2015
18 c.3425C > G 8 p.(Ser1142 *) Marshall 2015
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Table 2. Cont.

(B)

GENOTYPE
Allele 2

ID Variant Exon Protein Reference

1 c.11313_11316delTAGA 16 p.(Asp3771Glufs *20) Marshall 2015
2 c.10975C > T 16 p.(Arg3659 *) Marshall 2015

3 * c.1046G > A 5 p.(Trp349 *) Nasser 2018; Weisschuh 2016
4 * c.1046G > A 5 p.(Trp349 *) Nasser 2018; Weisschuh 2016
5 c.11313_11316delTAGA 16 p.(Asp3771Glufs *20) Marshall 2015

6 # c.10830_10831insC 16 p.(Arg3611Glnfs *7) Marshall 2015
7 # c.10830_10831insC 16 p.(Arg3611Glnfs *7) Marshall 2015
8 c.2611_2614delTTCT 8 p.(Phe871Ilefs *10) NEW

9 § c.3425C > G 8 p.(Ser1142 *) Marshall 2015
10 § c.3425C > G 8 p.(Ser1142 *) Marshall 2015
11 c.11703delA 18 p.(Lys3901Asnfs *8) Marshall 2015
12 c.5135T > G 8 p.(Leu1712 *) Marshall 2015

13 + ? ? ?
14 + ? ? ?
15 c.6486_6489delAACT 8 p.(Thr2163Lysfs *4) Marshall 2015
16 c.11580dupT 17 p.(Ile3861Tyrfs *7) Dassie 2021
17 c.6731delA 8 p.(Asp2244Valfs *24) Marshall 2015
18 c.9379C > T 10 p.(Gln3127 *) Marshall 2015

For each variant, the first description in the reference column is reported; the new variant (NEW) described in the present study is indicated
in bold and was submitted to the Euro-WABB online database, a locus-specific database (in the Leiden Open Variation Database format)
listed by the HGVS in the Locus-Specific Mutation Databases (LSDB) (www.HGVS.org) [7]. We were not able to identify the second ALMS1
pathogenic variant in the patients indicated by the question mark (?). Each patient was indicated by a specific identification number (ID);
the symbols *, #, §, and + were used to identify siblings.

Table 3. Clinical and biochemical evaluation of the three patients with ALMS and signs of portal hypertension.

Patients ID
(symbols)

Hb1Ac
(mmol/mol)

BMI
(Kg/m2) ALT (U/L) AST (U/L) GGT

(U/L)
Steatosis

(L/K) LS (kPa) FIB-4 Portal
hypertension signs

ID 1 (∆) 66 33.32 24 25 46 1.02 9.7 2.44 Esophageal varices(F3),
splenomegaly

ID 2 (TM) 36 26.12 51 55 79 1.14 6.7 3.13 Esophageal varices(F2),
splenomegaly

ID 5 (�) 105 32.58 62 86 835 1.16 13.2 1.83 Esophageal varices(F1)

Symbols are used in Figures 1A,B, 3A, and 4A,B. ID: identification number of patients with ALMS reported in Table 2. All three patients
had a history of type 2 diabetes mellitus and presented the indicated values of glycated hemoglobin 1Ac (Hb1Ac). BMI: body mass index.
ALT: alanine aminotransferase. AST: aspartate aminotransferase. GGT: gamma glutamil transferase. L/K: sonographic hepatorenal ratio.
LS: liver stiffness. FIB-4: Fibrosis-4 Index. F1: straight, small-caliber varices; F2: moderately enlarged, beady varices; F3: markedly enlarged,
nodular, or tumor-shaped varices (according to the Japan Society for Portal Hypertension [46]).

3.2. Evaluation of LS and Hepatic Steatosis

LS was significantly higher in the patients than in the controls (mean values: 5.3
(range: 4.1–6.5) versus 3.7 (range: 3.3–4.2); p < 0.001, Figure 1A), also excluding the three
patients with signs of portal hypertension (IDs 1, 2, and 5, described in Tables 2 and 3 and
indicated by white symbols, (mean: 4.8 (range: 4–6.2) versus 3.7 (range: 3.3–4.2); p = 0.002).
Patients with ALMS displayed L/K values higher than controls (mean: 1.6 (range: 1.2–2)
versus 1.3 (range: 1–1.4); p = 0.013) (Figure 1B).

Patients with signs of portal hypertension (IDs 1, 2, and 5) described in Tables 2 and 3
displayed highest LS values and lowest L/K values, as shown Figure 1.

LS was significantly correlated with AST values (r = 0.52, p < 0.05) but not with ALT
(r = 0.340, p = 0.164) or ALT/AST ratios (r = 0.142, p = 0.563). Interestingly, LS significantly
correlated with FIB-4, the validated non-invasive score for detecting advanced fibrosis
(r = 0.590, p = 0.012; Figure 2A) and related weakly with APRI, a similar index of fibrosis,
(r = 0.45, p = 0.067). Surprisingly, we found that LS was correlated with age only in patients
with ALMS (r = 0.505, p = 0.032; Figure 2B) and not in controls (r = 0.215, p = 0.299).

www.HGVS.org
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Figure 1. Liver fibrosis and steatosis in patients with ALMS: (A) liver stiffness evaluated by shear wave elastography in 
patients with ALMS and in controls (CTRLs); (B) liver steatosis quantified by the L/K in patients with ALMS and in CTRLs. 
Results are presented as a box plot, with 25th and 75th percentiles and median values. ID 1 (white triangle), ID 2 (white 
circle), and ID 5 (white square) patients had clinical signs of portal hypertension and are described in detail in Table 3. 
Statistical analysis was performed using the Mann–Whitney U-test. 

 
Figure 2. Correlation analysis of the liver stiffness and the sonographic hepatorenal ratio in patients with ALMS. The 
simple correlations between liver stiffness and FIB-4 (A), liver stiffness and age (B), and steatosis evaluated by L/K and 
TG levels (C) were performed by Spearman’s correlation in the 18 patients with ALMS. Data are reported on a logarithmic 
scale in (C). 

Lastly, we divided patients according to the presence of steatosis determined by the 
L/K cut-off value (1.6) calculated in our control group (CTRL; Figure 1) identifying liver 
steatosis in 10 out of 18 patients with ALMS (56%). LS did not significantly differ between 
these two subgroups (4.6 (range: 3.1–6.7) versus 5.3 (range: 4.4–6.1) for non-steatosis and 
steatosis subgroups, respectively; p = 0.845), as shown in Figure 3A. Moreover, we did not 
find any correlation in patients with ALMS, between LS and steatosis estimated by SWE 
and L/K, respectively (r = –0.065, p = 0.792; Figure 3B). 

Figure 1. Liver fibrosis and steatosis in patients with ALMS: (A) liver stiffness evaluated by shear wave elastography in
patients with ALMS and in controls (CTRLs); (B) liver steatosis quantified by the L/K in patients with ALMS and in CTRLs.
Results are presented as a box plot, with 25th and 75th percentiles and median values. ID 1 (white triangle), ID 2 (white
circle), and ID 5 (white square) patients had clinical signs of portal hypertension and are described in detail in Table 3.
Statistical analysis was performed using the Mann–Whitney U-test.
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correlations between liver stiffness and FIB-4 (A), liver stiffness and age (B), and steatosis evaluated by L/K and TG levels
(C) were performed by Spearman’s correlation in the 18 patients with ALMS. Data are reported on a logarithmic scale in (C).

We found a lack of association between steatosis, estimated by L/K, and transaminases
values. On the contrary, L/K values were significantly correlated with TG levels (r = 0.504,
p = 0.032), as shown in Figure 2C.

Lastly, we divided patients according to the presence of steatosis determined by the
L/K cut-off value (1.6) calculated in our control group (CTRL; Figure 1) identifying liver
steatosis in 10 out of 18 patients with ALMS (56%). LS did not significantly differ between
these two subgroups (4.6 (range: 3.1–6.7) versus 5.3 (range: 4.4–6.1) for non-steatosis and
steatosis subgroups, respectively; p = 0.845), as shown in Figure 3A. Moreover, we did not
find any correlation in patients with ALMS, between LS and steatosis estimated by SWE
and L/K, respectively (r = –0.065, p = 0.792; Figure 3B).
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Figure 3. Relationships between liver stiffness and liver steatosis in patients with ALMS: (A) liver
stiffness evaluated by the shear wave elastography in patients with ALMS divided into two subgroups
on the basis of the L/K cut-off value (non-steatosis subgroup with L/K of <1.6 and steatosis subgroup
with L/K of >1.6). Results were presented as a box plot, with 25th and 75th percentiles and median
values. ID 1 (white triangle), ID 2 (white circle) and ID 5 (white square) patients had clinical signs of
portal hypertension and are described in detail in Table 3. Statistical analysis was performed using
the Mann–Whitney U-test; (B) the simple correlation between liver stiffness evaluated by the shear
wave elastography and liver steatosis evaluated by L/K, was performed by Spearman’s correlation
in patients with ALMS.

3.3. The Role of Comorbidities: Obesity and T2DM

We divided patients with ALMS into subgroups according to the presence of obesity
(BMI ≥ 30 kg/m2) and T2DM and analyzed the distribution of LS values. LS was not
significantly increased in ALMS patients with obesity compared with normal-weight
ALMS patients even if we showed an increasing trend (6 (range: 4.8–11.5) versus 4.6 (range:
3.9–6.4), p = 0.126; Figure 4A). Likewise, the LS showed an increasing trend in patients with
T2DM compared with in patients with normoglycemia, but the difference did not result in
statistical significance (6.2 (range: 4.9–9) versus 4.6 (range: 3.6–5.9), p = 0.062; Figure 4B).
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Figure 4. Liver stiffness and metabolic complications in patients with ALMS: (A) liver stiffness evaluated by shear wave
elastography in patients with ALMS divided into subgroups according to the presence of obesity; (B) liver stiffness evaluated
by shear wave elastography in patients with ALMS divided into subgroups according to the presence of type 2 diabetes
mellitus (T2DM). Data are reported as a box plot with 25th and 75th percentiles and median values. ID 1 (white triangle), ID
2 (white circle), and ID 5 (white square) patients had clinical signs of portal hypertension and are described in detail in
Table 3. Statistical analysis was performed using the Mann–Whitney U-test.
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Nevertheless, the LS showed significant correlations with waist circumference (r = 0.624,
p = 0.012; n = 15; Figure 5A), HOMA (r = 0.670, p = 0.004; n = 15; Figure 5B), and Hb1Ac (r
= 0.715, p < 0.001; n = 14; Figure 5C) in patients with ALMS.
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4. Discussion

ALMS displayed severe metabolic phenotypes involving different organ and tis-
sues and can be regarded as a genetic model for obesity, type 2 diabetes, NAFLD and
metabolic syndrome.

In particular, the early and quick progression towards cirrhosis in patients with ALMS
made the evaluation of hepatic fibrosis an important matter for diagnostic assessment,
follow-up, and therapy of this ultra-rare fibrotic disease.

This is the first study that, taking into account the improvements in imaging tech-
niques, adopts SWE to assess the degree of fibrosis and the L/K to quantify the liver
steatosis in ALMS. We genetically characterized 18 patients with ALMS describing a new
pathogenic variant of exon 8 in ALMS1 and performed in this cohort imaging analysis,
biochemical assessment, and expert clinical evaluation. We showed that LS and L/K were
significantly higher compared with in the controls, suggesting an increased liver fibrosis
and steatosis. In fact, both SWE and L/K demonstrated a good applicability and diagnostic
performance [32–36], even if they have never been tested for the diagnosis of liver fibrosis
and steatosis, respectively, in patients with ALMS, compared with liver biopsy.

TE was the first tool developed to quantify liver fibrosis by measuring mechanical
shear wave propagation through the liver parenchyma [27], recently used in patients with
ALMS [48]. However, several studies have demonstrated that SWE is more accurate in the
assessment of liver fibrosis compared with TE [27,30,49], both in adults and in children [50].

The high potential of SWE to detect liver fibrosis was enhanced by the correlation
between LS and FIB-4 we observed in patients with ALMS [27,29]. Conversely, we did
not find any correlation between LS and other serum biomarkers such as ALT/AST ratios
and APRI; however, these two well-known scores for fibrosis had a lower accuracy and
sensitivity compared to the FIB-4 [30].

Interestingly, we found that LS was correlated with age only in patients with ALMS
and not in controls. In the general population, both FIB-4 and LS display an age-dependent
increase, respectively, for age greater than 65 [51] and 54 years [52], but this was not the
case for our cohort, given all patients were <50 years old. Thus, we could hypothesize that
patients with ALMS seem to be older than their age in respect to the fibrotic evolution.
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Taken together these results suggest the early appearance of hepatic fibrosis and its
rapid progression in patients with ALMS and indicate FIB-4 as a reliable tool to predict fibro-
sis which is strongly related to LS also in ALMS. The combination of FIB-4 and SWE could
improve the prediction of long-term outcomes in patients with suspect advanced fibrosis.

We estimated a 56% of steatosis in patients with ALMS by the L/K, which is consid-
ered a useful method to diagnose and grade hepatic steatosis [35,36]. L/K values were
significantly correlated with TG levels, confirming TG’s involvement in NAFLD pathogen-
esis also in ALMS. However, we did not find any relation between LS or L/K and ALT
levels, and it could be explained by the normal ALT levels of patients with NAFLD also
during disease progression. Furthermore, although elevated aminotransferases should
raise suspicion for NASH, normal levels should not be used to exclude NASH [24].

To study any relation between steatosis and fibrosis in ALMS, we divided patients
according to the L/K cut-off value (steatosis and non-steatosis subgroups), and we did not
find any difference in their LS values. This interesting result suggests that alterations of the
ALMS1 gene could act as an independent determinant of multi-organ fibrosis [1,13]. In other
words, the NAFLD pattern reported in ALMS could be characterized by a predominant
predisposition to fibrosing steatohepatitis, beyond the presence of fatty acids infiltration
in the liver. The progression from steatosis to fibrosis was enhanced when we considered
the features of the three case reports with signs of portal hypertension. It is worth noting
that all patients presented high levels of LS and none displayed steatosis. We can assume
that the initial presence of steatosis was replaced very early by fibrosis, partly by common
mechanisms of NAFLD progression and partly by the specific role of dysfunctional ALMS1
protein in liver cells.

According to the multiple hit hypothesis, diet and environmental and genetic fac-
tors, together with IR, obesity, and low-grade inflammation, describe the pathogenesis of
NAFLD and the risk of progression to inflammation and fibrosis (NASH) or persistence in
a stable stage of disease (NAFLD) [53]. Thus, the prevalence of obesity (28%), T2DM (44%),
and metabolic syndrome (56%) in our ALMS cohort has been considered as an additional
factor linked with the development of NAFLD/NASH besides the genuine effect of the
genetic disease per se. LS increased consensually with the presence of metabolic complica-
tions, even if the difference did not result significant, probably due to the small sample size
of the subgroups. In fact, LS showed a significant correlation with waist circumference,
HOMA, and Hb1Ac, supporting the strong association between liver fibrosis and metabolic
complications [23,24] also in ALMS. Furthermore, among patients with ALMS and also
among our population has demonstrated an increased prevalence of hyperphagia, which
represents probably the primary driver for obesity and its complications [3,37]. It is worth
noting that the three cases with worse prognosis for liver disease all suffered from T2DM
and metabolic syndrome, while two out of three were affected by obesity.

At present, there are no predictive parameters which could be used to evaluate the
progression from NAFL to NASH and advanced fibrosis as well as to explain why some
patients with ALMS develop serious liver disease while others do not. The pathogenesis
of NASH-related fibrosis in the general population is not well-known and even more in
ALMS. We previously showed, in fibroblast primary cultures obtained from patients with
ALMS, that both an excessive extracellular matrix production and a failure to eliminate
myofibroblasts could represent key mechanisms [13].

In Alms1 mutant (foz/foz) mice, it has been demonstrated that bone marrow-derived
macrophages (BMMs) contributeS to the hepatic macrophage accumulation [54]. Moreover,
the activation of the AP1 transcription factor c-JUN in the pathologic fibroblasts has been
described as a possible unified mechanism of an apparently different fibrotic disease [55].
Recently, Geberhiwot et al. showed that patients with ALMS displays insulin resistance
at different tissue levels (adipose tissue, liver, and skeletal muscle) compared with BMI-
matched controls, providing some evidence, in a new mouse model, that adipose tissue
could represent the main driver for metabolic dysregulation in ALMS [56,57]. Thus, several
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mechanisms could work together, and further studies will be required to link ALMS1 loss
of function with metabolic alterations of patients with ALMS.

As a limitation of this study, we have not been able to correlate SWE results with the
histologic pattern or the degree of fibrosis with a pathological scoring system, because
we did not carry out liver biopsies in patients with ALMS. However, biopsy is not an
ideal test to propose and repeat many times during the follow-up, especially for pediatric
patients [25,26]; therefore, it could be very useful to find a reliable non-invasive method for
assessing hepatic fibrosis [30].

In conclusion, our study showed that SWE examination is a promising diagnostic
tool to predict liver fibrosis stage that could further be reinforced by the concomitant
evaluation of the FIB-4, both in adult patients with ALMS and particularly in children.
Patients with ALMS displayed an early increased LS dependent on age, associated with
metabolic impairments, but in addition linked to specific genetic alterations. Patients with
ALMS displayed also increased steatosis, which was correlated with TG levels but not with
the degree of fibrosis. Thus, the classical NAFLD progression from steatosis to fibrosis does
not completely explain the liver disease in ALMS, and we could suggest the involvement
of ALMS1 deficiency in the liver disease of patients with ALMS. Thus, better knowledge
of ALMS1 protein function in liver fibrogenesis could expand the pathways involved in
NAFLD/NASH hepatic disease present also in more common metabolic diseases. Lastly,
our work provides valuable tools for further longitudinal studies to monitor patients with
ALMS in long-term follow-up and to accurately evaluate the response to new promising
treatments against liver fibrosis [58].

Author Contributions: Conceptualization, S.B., G.B., G.M., and P.M.; methodology, S.B., G.B., G.M.,
and P.M.; software, S.B.; validation, S.B., G.B., G.M., and P.M.; formal analysis, S.B., L.P., and G.B.;
investigation, S.B., G.B., G.M., and P.M.; resources, S.B., G.B., F.D., G.M., and P.M.; data curation, S.B.,
G.B., F.D., L.P., P.B., and M.S.; writing of the original draft preparation, S.B.; writing of review and
editing G.B., F.D., F.F., G.M., and P.M.; visualization, S.B., G.B., F.D., F.F., P.B., L.B., C.M., G.M., and
P.M.; supervision, P.M., G.M., C.M., L.C., P.A., L.B., and R.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by and approved by Local Ethics Committee (Prot. n. 2371P).

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Data were extracted from the electronic clinical documentation and
patient confidentiality was protected by assigning an anonymous identification code.

Acknowledgments: We thank the nursing staff at Internal Medicine 3 (Barbara Martin, Mariangela
Auleta, Rosanna Sabino and Karla Mora), the technical support of Sonia Leandri, the nurse Laura
Ongaro at Internal Medicine 5, the patients with Alström syndrome and their Italian Association
(ASS.A.I.; https://www.alstrom.it/).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marshall, J.D.; Beck, S.; Maffei, P.; Naggert, J.K. Alström Syndrome. Eur. J. Hum. Genet. 2007, 15, 1193–1202. [CrossRef]
2. Marshall, J.D.; Maffei, P.; Collin, G.B.; Naggert, J.K. Alstrom Syndrome: Genetics and Clinical Overview. Curr. Genom. 2011, 12,

225–235. [CrossRef]
3. Dassie, F.; Favaretto, F.; Bettini, S.; Parolin, M.; Valenti, M.; Reschke, F.; Danne, T.; Vettor, R.; Milan, G.; Maffei, P. Alström

syndrome: An ultra-rare monogenic disorder as a model for insulin resistance, type 2 diabetes mellitus and obesity. Endocrine
2021, 8, S12020–S12021.

4. Hearn, T.; Renforth, G.L.; Spalluto, C.; Hanley, N.A.; Piper, K.; Brickwood, S.; White, C.; Connolly, V.; Taylor, J.F.N.; Russell-Eggitt,
I.; et al. Mutation of ALMS1, a large gene with a tandem repeat encoding 47 amino acids, causes Alström syndrome. Nat. Genet.
2002, 31, 79–83. [CrossRef] [PubMed]

https://www.alstrom.it/
http://doi.org/10.1038/sj.ejhg.5201933
http://doi.org/10.2174/138920211795677912
http://doi.org/10.1038/ng874
http://www.ncbi.nlm.nih.gov/pubmed/11941370


Diagnostics 2021, 11, 797 12 of 14

5. Collin, G.B.; Marshall, J.D.; Ikeda, A.; So, W.V.; Russell-Eggitt, I.; Maffei, P.; Beck, S.; Boerkoel, C.F.; Sicolo, N.; Martin, M.; et al.
Mutations in ALMS1 cause obesity, type 2 diabetes and neurosensory degeneration in Alström syndrome. Nat. Genet. 2002, 31,
74–78. [CrossRef] [PubMed]

6. Marshall, J.D.; Muller, J.; Collin, G.B.; Milan, G.; Kingsmore, S.F.; Dinwiddie, D.; Farrow, E.G.; Miller, N.A.; Favaretto, F.; Maffei,
P.; et al. Alström Syndrome: Mutation Spectrum of ALMS1. Hum. Mutat. 2015, 36, 660–668. [CrossRef]

7. Astuti, D.; Sabir, A.; Fulton, P.; Zatyka, M.; Williams, D.; Hardy, C.; Milan, G.; Favaretto, F.; Yu-Wai-Man, P.; Rohayem, J.; et al.
Monogenic diabetes syndromes: Locus-specific databases for Alström, Wolfram, and Thiamine-responsive megaloblastic anemia.
Hum. Mutat. 2017, 38, 764–777. [CrossRef] [PubMed]

8. Nasser, F.; Weisschuh, N.; Maffei, P.; Milan, G.; Heller, C.; Zrenner, E.; Kohl, S.; Kuehlewein, L. Ophthalmic features of cone-rod
dystrophy caused by pathogenic variants in the ALMS1 gene. Acta Ophthalmol. 2018, 96, e445–e454. [CrossRef] [PubMed]

9. Weisschuh, N.; Mayer, A.K.; Strom, T.M.; Kohl, S.; Glöckle, N.; Schubach, M.; Andreasson, S.; Bernd, A.; Birch, D.G.; Hamel, C.P.;
et al. Mutation detection in patients with retinal dystrophies using targeted next generation sequencing. PLoS ONE 2016, 11,
e0145951. [CrossRef] [PubMed]

10. Dassie, F.; Lorusso, R.; Benavides-Varela, S.; Milan, G.; Favaretto, F.; Callus, E.; Cagnin, S.; Reggiani, F.; Minervini, G.; Tosatto, S.;
et al. Neurocognitive assessment and DNA sequencing expand the phenotype and genotype spectrum of Alström syndrome. Am.
J. Med. Genet. Part A 2021, 13, 1–11. [CrossRef]

11. Collin, G.B.; Marshall, J.D.; King, B.L.; Milan, G.; Maffei, P.; Jagger, D.J.; Naggert, J.K. The alström syndrome protein, ALMS1,
interacts with α-actinin and components of the endosome recycling pathway. PLoS ONE 2012, 7, e37925. [CrossRef]

12. Favaretto, F.; Milan, G.; Collin, G.B.; Marshall, J.D.; Stasi, F.; Maffei, P.; Vettor, R.; Naggert, J.K. GLUT4 Defects in Adipose Tissue
Are Early Signs of Metabolic Alterations in Alms1GT/GT, a Mouse Model for Obesity and Insulin Resistance. PLoS ONE 2014, 9,
e109540. [CrossRef]

13. Zulato, E.; Favaretto, F.; Veronese, C.; Campanaro, S.; Marshall, J.D.; Romano, S.; Cabrelle, A.; Collin, G.B.; Zavan, B.; Belloni, A.S.;
et al. ALMS1-deficient fibroblasts over-express extra-cellular matrix components, display cell cycle delay and are resistant to
apoptosis. PLoS ONE 2011, 6, e19081. [CrossRef] [PubMed]

14. Li, G.; Vega, R.; Nelms, K.; Gekakis, N.; Goodnow, C.; McNamara, P.; Wu, H.; Hong, N.A.; Glynne, R. A role for Alström
syndrome protein, Alms1, in kidney ciliogenesis and cellular quiescence. PLoS Genet. 2007, 3, e8. [CrossRef] [PubMed]

15. Heydet, D.; Chen, L.X.; Larter, C.Z.; Inglis, C.; Silverman, M.A.; Farrell, G.C.; Leroux, M.R. A truncating mutation of Alms1
reduces the number of hypothalamic neuronal cilia in obese mice. Dev. Neurobiol. 2013, 73, 1–13. [CrossRef] [PubMed]

16. Connolly, M.B.; Jan, J.E.; Couch, R.M.; Wong, L.T.K.; Dimmick, J.E.; Rigg, J.M. Hepatic dysfunction in Alström disease. Am. J.
Med. Genet. 1991, 40, 421–424. [CrossRef] [PubMed]

17. Awazu, M.; Tanaka, T.; Sato, S.; Anzo, M.; Higuchi, M.; Yamazaki, K.; Matsuo, N. Hepatic dysfunction in two sibs with Alstrm
syndrome: Case report and review of the literature. Am. J. Med. Genet. 1997, 69, 13–16. [CrossRef]

18. Quiros-Tejeira, R.E.; Vargas, J.; Ament, M.E. Early-Onset Liver Disease Complicated with Acute Liver Failure in Alstrom
Syndrome. Am. J. Med. Genet. 2001, 11, 9–11. [CrossRef]

19. Morgan, J.; Sadler, M.A.; Siegel, S. US, CT, and MR imaging of hepatic masses in Alström syndrome: A case report. Clin. Imaging
2008, 32, 393–395. [CrossRef]

20. Biyik, M.; Uçar, R.; Güngör, G.; Özer Çakir, Ö.; Esen, H.; Aksan, S.; Ataseven, H.; Demir, A. Alström syndrome with liver cirrhosis:
First case from Turkey. Turk. J. Gastroenterol. 2013, 24, 546–548. [CrossRef]

21. Marshall, J.D.; Bronson, R.T.; Collin, G.B.; Nordstrom, A.D.; Maffei, P.; Paisey, R.B.; Carey, C.; MacDermott, S.; Russell-Eggitt, I.;
Shea, S.E.; et al. New Alström syndrome phenotypes based on the evaluation of 182 cases. Arch. Intern. Med. 2005, 165, 675–683.
[CrossRef]

22. Aksoy, F.; Ozgur, T.; Dundar, H.Z.; Kaya, E. Liver Transplantation in Alstrom Syndrome: A Case Report. Exp. Clin. Transplant.
2021. [CrossRef] [PubMed]

23. Marchesini, G.; Roden, M.; Vettor, R. EASL-EASD-EASO Clinical Practice Guidelines for the management of non-alcoholic fatty
liver disease. J. Hepatol. 2017, 66, 466–467. [CrossRef] [PubMed]

24. Chalasani, N.; Younossi, Z.; Lavine, J.E.; Charlton, M.; Cusi, K.; Rinella, M.; Harrison, S.A.; Brunt, E.M.; Sanyal, A.J. The diagnosis
and management of nonalcoholic fatty liver disease: Practice guidance from the American Association for the Study of Liver
Diseases. Hepatology 2018, 67, 328–357. [CrossRef] [PubMed]

25. Tapper, E.B.; Lok, A.S.-F. Use of Liver Imaging and Biopsy in Clinical Practice. N. Engl. J. Med. 2017, 377, 756–768. [CrossRef]
26. Ratziu, V.; Charlotte, F.; Heurtier, A.; Gombert, S.; Giral, P.; Bruckert, E.; Grimaldi, A.; Capron, F.; Poynard, T. Sampling Variability

of Liver Biopsy in Nonalcoholic Fatty Liver Disease. Gastroenterology 2005, 128, 1898–1906. [CrossRef]
27. Cleveland, E.; Bandy, A.; VanWagner, L.B. Diagnostic challenges of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis.

Clin. Liver Dis. 2018, 11, 98–104. [CrossRef] [PubMed]
28. Loaeza-del-Castillo, A.; Paz-Pineda, F.; Oviedo-Cárdenas, E.; Sánchez-Ávila, F.; Vargas-Vorácková, F. AST to platelet ratio index

(APRI) for the noninvasive evaluation of liver fibrosis. Ann. Hepatol. 2008, 7, 350–357. [CrossRef]
29. Shah, A.G.; Lydecker, A.; Murray, K.; Tetri, B.N.; Contos, M.J.; Sanyal, A.J. Comparison of Noninvasive Markers of Fibrosis in

Patients with Nonalcoholic Fatty Liver Disease. Clin. Gastroenterol. Hepatol. 2009, 7, 1104–1112. [CrossRef]
30. Xiao, G.; Zhu, S.; Xiao, X.; Yan, L.; Yang, J.; Wu, G. Comparison of laboratory tests, ultrasound, or magnetic resonance elastography

to detect fibrosis in patients with nonalcoholic fatty liver disease: A meta-analysis. Hepatology 2017, 66, 1486–1501. [CrossRef]

http://doi.org/10.1038/ng867
http://www.ncbi.nlm.nih.gov/pubmed/11941369
http://doi.org/10.1002/humu.22796
http://doi.org/10.1002/humu.23233
http://www.ncbi.nlm.nih.gov/pubmed/28432734
http://doi.org/10.1111/aos.13612
http://www.ncbi.nlm.nih.gov/pubmed/29193673
http://doi.org/10.1371/journal.pone.0145951
http://www.ncbi.nlm.nih.gov/pubmed/26766544
http://doi.org/10.1002/ajmg.a.62029
http://doi.org/10.1371/journal.pone.0037925
http://doi.org/10.1371/journal.pone.0109540
http://doi.org/10.1371/journal.pone.0019081
http://www.ncbi.nlm.nih.gov/pubmed/21541333
http://doi.org/10.1371/journal.pgen.0030008
http://www.ncbi.nlm.nih.gov/pubmed/17206865
http://doi.org/10.1002/dneu.22031
http://www.ncbi.nlm.nih.gov/pubmed/22581473
http://doi.org/10.1002/ajmg.1320400408
http://www.ncbi.nlm.nih.gov/pubmed/1746604
http://doi.org/10.1002/(SICI)1096-8628(19970303)69:1&lt;13::AID-AJMG3&gt;3.0.CO;2-U
http://doi.org/10.1002/ajmg.1292
http://doi.org/10.1016/j.clinimag.2008.02.031
http://doi.org/10.4318/tjg.2013.0587
http://doi.org/10.1001/archinte.165.6.675
http://doi.org/10.6002/ect.2020.0006
http://www.ncbi.nlm.nih.gov/pubmed/33535939
http://doi.org/10.1016/j.jhep.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27856217
http://doi.org/10.1002/hep.29367
http://www.ncbi.nlm.nih.gov/pubmed/28714183
http://doi.org/10.1056/NEJMra1610570
http://doi.org/10.1053/j.gastro.2005.03.084
http://doi.org/10.1002/cld.716
http://www.ncbi.nlm.nih.gov/pubmed/30147867
http://doi.org/10.1016/S1665-2681(19)31836-8
http://doi.org/10.1016/j.cgh.2009.05.033
http://doi.org/10.1002/hep.29302


Diagnostics 2021, 11, 797 13 of 14

31. Bettini, S.; Bordigato, E.; Milan, G.; Dal Pra, C.; Favaretto, F.; Belligoli, A.; Sanna, M.; Serra, R.; Foletto, M.; Prevedello, L.; et al.
SCCA-IgM as a Potential Biomarker of Non-Alcoholic Fatty Liver Disease in Patients with Obesity, Prediabetes and Diabetes
Undergoing Sleeve Gastrectomy. Obes. Facts 2019, 12, 291–306. [CrossRef]

32. Herrmann, E.; De Lédinghen, V.; Cassinotto, C.; Chu, W.C.W.; Leung, V.Y.F.; Ferraioli, G.; Filice, C.; Castera, L.; Vilgrain, V.;
Ronot, M.; et al. Assessment of biopsy-proven liver fibrosis by two-dimensional shear wave elastography: An individual patient
data-based meta-analysis. Hepatology 2018, 67, 260–272. [CrossRef]

33. Singh, S.; Loomba, R. Role of two-dimensional shear wave elastography in the assessment of chronic liver diseases. Hepatology
2018, 67, 13–15. [CrossRef]

34. Poynard, T.; Munteanu, M.; Luckina, E.; Perazzo, H.; Ngo, Y.; Royer, L.; Fedchuk, L.; Sattonnet, F.; Pais, R.; Lebray, P.; et al. Liver
fibrosis evaluation using real-time shear wave elastography: Applicability and diagnostic performance using methods without a
gold standard. J. Hepatol. 2013, 58, 928–935. [CrossRef]

35. De Almeida e Borges, V.F.; Diniz, A.L.D.; Cotrim, H.P.; Rocha, H.L.O.G.; Andrade, N.B. Sonographic hepatorenal ratio: A
noninvasive method to diagnose nonalcoholic steatosis. J. Clin. Ultrasound 2013, 41, 18–25. [CrossRef]

36. Mancini, M.; Prinster, A.; Annuzzi, G.; Liuzzi, R.; Giacco, R.; Medagli, C.; Cremone, M.; Clemente, G.; Maurea, S.; Riccardi, G.;
et al. Sonographic hepatic-renal ratio as indicator of hepatic steatosis: Comparison with 1H magnetic resonance spectroscopy.
Metabolism 2009, 58, 1724–1730. [CrossRef] [PubMed]

37. Tahani, N.; Maffei, P.; Dollfus, H.; Paisey, R.; Valverde, D.; Milan, G.; Han, J.C.; Favaretto, F.; Madathil, S.C.; Dawson, C.; et al.
Consensus clinical management guidelines for Alström syndrome. Orphanet J. Rare Dis. 2020, 15, 253. [CrossRef]

38. Cosentino, F.; Grant, P.J.; Aboyans, V.; Bailey, C.J.; Ceriello, A.; Delgado, V.; Federici, M.; Filippatos, G.; Grobbee, D.E.; Hansen,
T.B.; et al. 2019 ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the EASD.
Eur. Heart J. 2020, 41, 255–323. [CrossRef] [PubMed]

39. Mancia, G.; De Backer, G.; Dominiczak, A.; Cifkova, R.; Fagard, R.; Germano, G.; Grassi, G.; Heagerty, A.M.; Kjeldsen, S.E.;
Laurent, S.; et al. 2007 Guidelines for the Management of Arterial Hypertension: The Task Force for the Management of Arterial
Hypertension of the European Society of Hypertension (ESH) and of the European Society of Cardiology (ESC). J. Hypertens.
2007, 25, 1105-87. [CrossRef] [PubMed]

40. Grundy, S.M.; Hansen, B.; Smith, S.C.; Cleeman, J.I.; Kahn, R.A.; American Heart Association; National Heart, Lung, and
Blood Institute; American Diabetes Association. Clinical management of metabolic syndrome: Report of the American Heart
Association/National Heart, Lung, and Blood Institute/American Diabetes Association conference on scientific issues related to
management. Arterioscler. Thromb. Vasc. Biol. 2004, 24, e19–e24. [CrossRef] [PubMed]

41. Madeira, F.; Park, Y.M.; Lee, J.; Buso, N.; Gur, T.; Madhusoodanan, N.; Basutkar, P.; Tivey, A.R.N.; Potter, S.C.; Finn, R.D.; et al.
The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic Acids Res. 2019, 47, W636–W641. [CrossRef] [PubMed]

42. Den Dunnen, J.T.; Dalgleish, R.; Maglott, D.R.; Hart, R.K.; Greenblatt, M.S.; Mcgowan-Jordan, J.; Roux, A.F.; Smith, T.; Antonarakis,
S.E.; Taschner, P.E.M. HGVS Recommendations for the Description of Sequence Variants: 2016 Update. Hum. Mutat. 2016, 37,
564–569. [CrossRef] [PubMed]

43. Freeman, P.J.; Hart, R.K.; Gretton, L.J.; Brookes, A.J.; Dalgleish, R. VariantValidator: Accurate validation, mapping, and formatting
of sequence variation descriptions. Hum. Mutat. 2018, 39, 61–68. [CrossRef] [PubMed]

44. Siekmann, L.; Bonora, R.; Burtis, C.A.; Ceriotti, F.; Clerc-Renaud, P.; Férard, G.; Ferrero, C.A.; Forest, J.C.; Franck, P.F.; Gella,
F.J.; et al. IFCC primary reference procedures for the measurement of catalytic activity concentrations of enzymes at 37 ◦C.
International Federation of Clinical Chemistry and Laboratory Medicine. Part 7. Certification of four reference materials for
the determination of enzymatic activity of gamma-glutamyltransferase, lactate dehydrogenase, alanine aminotransferase and
creatine kinase. Clin. Chem. Lab. Med. 2002, 40, 739–745.

45. Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis model assessment: Insulin
resistance and β-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985, 28, 412–419.
[CrossRef] [PubMed]

46. Tajiri, T.; Yoshida, H.; Obara, K.; Onji, M.; Kage, M.; Kitano, S.; Kokudo, N.; Kokubu, S.; Sakaida, I.; Sata, M.; et al. General rules
for recording endoscopic findings of esophagogastric varices (2ND EDITION). Dig. Endosc. 2010, 22, 1–9. [CrossRef]

47. Lonardo, A.; Nascimbeni, F.; Targher, G.; Bernardi, M.; Bonino, F.; Bugianesi, E.; Casini, A.; Gastaldelli, A.; Marchesini, G.; Marra,
F.; et al. AISF position paper on nonalcoholic fatty liver disease (NAFLD): Updates and future directions. Dig. Liver Dis. 2017, 49,
471–483. [CrossRef]

48. Gathercole, L.L.; Hazlehurst, J.M.; Armstrong, M.J.; Crowley, R.; Boocock, S.; O’Reilly, M.W.; Round, M.; Brown, R.; Bolton, S.;
Cramb, R.; et al. Advanced non-alcoholic fatty liver disease and adipose tissue fibrosis in patients with Alström syndrome. Liver
Int. 2016, 36, 1704–1712. [CrossRef]

49. Ferraioli, G.; Tinelli, C.; Dal Bello, B.; Zicchetti, M.; Filice, G.; Filice, C. Accuracy of real-time shear wave elastography for assessing
liver fibrosis in chronic hepatitis C: A pilot study. Hepatology 2012, 56, 2125–2133. [CrossRef]

50. Garcovich, M.; Veraldi, S.; Di Stasio, E.; Zocco, M.A.; Monti, L.; Tomà, P.; Pompili, M.; Gasbarrini, A.; Nobili, V. Liver Stiffness in
Pediatric Patients with Fatty Liver Disease: Diagnostic Accuracy and Reproducibility of Shear-Wave Elastography. Radiology
2017, 283, 820–827. [CrossRef]

51. Vilar-Gomez, E.; Chalasani, N. Non-invasive assessment of non-alcoholic fatty liver disease: Clinical prediction rules and
blood-based biomarkers. J. Hepatol. 2018, 68, 305–315. [CrossRef] [PubMed]

http://doi.org/10.1159/000499717
http://doi.org/10.1002/hep.29179
http://doi.org/10.1002/hep.29417
http://doi.org/10.1016/j.jhep.2012.12.021
http://doi.org/10.1002/jcu.21994
http://doi.org/10.1016/j.metabol.2009.05.032
http://www.ncbi.nlm.nih.gov/pubmed/19716568
http://doi.org/10.1186/s13023-020-01468-8
http://doi.org/10.1093/eurheartj/ehz486
http://www.ncbi.nlm.nih.gov/pubmed/31497854
http://doi.org/10.1097/HJH.0b013e3281fc975a
http://www.ncbi.nlm.nih.gov/pubmed/17563527
http://doi.org/10.1161/01.ATV.0000112379.88385.67
http://www.ncbi.nlm.nih.gov/pubmed/14766740
http://doi.org/10.1093/nar/gkz268
http://www.ncbi.nlm.nih.gov/pubmed/30976793
http://doi.org/10.1002/humu.22981
http://www.ncbi.nlm.nih.gov/pubmed/26931183
http://doi.org/10.1002/humu.23348
http://www.ncbi.nlm.nih.gov/pubmed/28967166
http://doi.org/10.1007/BF00280883
http://www.ncbi.nlm.nih.gov/pubmed/3899825
http://doi.org/10.1111/j.1443-1661.2009.00929.x
http://doi.org/10.1016/j.dld.2017.01.147
http://doi.org/10.1111/liv.13163
http://doi.org/10.1002/hep.25936
http://doi.org/10.1148/radiol.2016161002
http://doi.org/10.1016/j.jhep.2017.11.013
http://www.ncbi.nlm.nih.gov/pubmed/29154965


Diagnostics 2021, 11, 797 14 of 14

52. Lee, S.M.; Lee, J.M.; Kang, H.-J.; Yang, H.K.; Yoon, J.H.; Chang, W.; An, S.J.; Lee, K.B.; Baek, S.Y. Liver fibrosis staging with a new
2D-shear wave elastography using comb-push technique: Applicability, reproducibility, and diagnostic performance. PLoS ONE
2017, 12, e0177264. [CrossRef] [PubMed]

53. Buzzetti, E.; Pinzani, M.; Tsochatzis, E.A. The multiple-hit pathogenesis of non-alcoholic fatty liver disease (NAFLD). Metabolism
2016, 65, 1038–1048. [CrossRef]

54. Han, J.; Zhang, X.; Lau, J.K.; Fu, K.; Lau, H.C.H.; Xu, W.; Chu, E.S.H.; Lan, H.; Yu, J. Bone marrow-derived macrophage contributes
to fibrosing steatohepatitis through activating hepatic stellate cells. J. Pathol. 2019, path.5275. [CrossRef] [PubMed]

55. Wernig, G.; Chen, S.Y.; Cui, L.; Van Neste, C.; Tsai, J.M.; Kambham, N.; Vogel, H.; Natkunam, Y.; Gilliland, D.G.; Nolan, G.; et al.
Unifying mechanism for different fibrotic diseases. Proc. Natl. Acad. Sci. USA 2017, 114, 4757–4762. [CrossRef] [PubMed]

56. Geberhiwot, T.; Baig, S.; Obringer, C.; Girard, D.; Dawson, C.; Manolopoulos, K.; Messaddeq, N.; Lassen, P.B.; Clement, K.;
Tomlinson, J.W.; et al. Relative Adipose Tissue Failure in Alström Syndrome Drives Obesity-Induced Insulin Resistance. Diabetes
2021, 70, 364–376. [CrossRef]

57. Kang, S. Adipose tissue malfunction drives metabolic dysfunction in alström syndrome. Diabetes 2021, 70, 323–325. [CrossRef]
58. Baig, S.; Veeranna, V.; Bolton, S.; Edwards, N.; Tomlinson, J.W.; Manolopoulos, K.; Moran, J.; Steeds, R.P.; Geberhiwot, T. Treatment

with PBI-4050 in patients with Alström syndrome: Study protocol for a phase 2, single-Centre, single-arm, open-label trial. BMC
Endocr. Disord. 2018, 18, 88. [CrossRef]

http://doi.org/10.1371/journal.pone.0177264
http://www.ncbi.nlm.nih.gov/pubmed/28510583
http://doi.org/10.1016/j.metabol.2015.12.012
http://doi.org/10.1002/path.5275
http://www.ncbi.nlm.nih.gov/pubmed/30945293
http://doi.org/10.1073/pnas.1621375114
http://www.ncbi.nlm.nih.gov/pubmed/28424250
http://doi.org/10.2337/db20-0647
http://doi.org/10.2337/dbi20-0041
http://doi.org/10.1186/s12902-018-0315-6

	Introduction 
	Materials and Methods 
	Patients and Control Subjects 
	Genetic Analysis 
	Anthropometric Measurements 
	Biochemical Assessment 
	Non-Invasive Fibrosis Markers 
	Ultrasound Scan 
	Statistical Analysis 

	Results 
	Clinical, Biochemical, and Genetic Characterization of Patients with ALMS 
	Evaluation of LS and Hepatic Steatosis 
	The Role of Comorbidities: Obesity and T2DM 

	Discussion 
	References

