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ITCH E3 ubiquitin ligase downregulation
compromises hepatic degradation of branched-
chain amino acids
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ABSTRACT

Objective: Metabolic syndrome, obesity, and steatosis are characterized by a range of dysregulations including defects in ubiquitin ligase
tagging proteins for degradation. The identification of novel hepatic genes associated with fatty liver disease and metabolic dysregulation may be
relevant to unravelling new mechanisms involved in liver disease progression
Methods: Through integrative analysis of liver transcriptomic and metabolomic obtained from obese subjects with steatosis, we identified itchy E
ubiquitin protein ligase (ITCH) as a gene downregulated in human hepatic tissue in relation to steatosis grade. Wild-type or ITCH knockout mouse
models of non-alcoholic fatty liver disease (NAFLD) and obesity-related hepatocellular carcinoma were analyzed to dissect the causal role of ITCH
in steatosis
Results: We show that ITCH regulation of branched-chain amino acids (BCAAs) degradation enzymes is impaired in obese women with grade 3
compared with grade 0 steatosis, and that ITCH acts as a gatekeeper whose loss results in elevation of circulating BCAAs associated with hepatic
steatosis. When ITCH expression was specifically restored in the liver of ITCH knockout mice, ACADSB mRNA and protein are restored, and BCAA
levels are normalized both in liver and plasma
Conclusions: Our data support a novel functional role for ITCH in the hepatic regulation of BCAA metabolism and suggest that targeting ITCH in a
liver-specific manner might help delay the progression of metabolic hepatic diseases and insulin resistance.

� 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abbreviations

ITCH itchy E ubiquitin protein ligase
NAFLD non-alcoholic fatty liver disease
BCAAs branched-chain amino acids
ACADSB acyl-Coenzyme A dehydrogenase, short/branched chain
NASH non-alcoholic steatohepatitis
HCC hepatocellular carcinoma
MCD methioneecholine-deficient
DEN di-ethyl-nitrosamine
TGF-b transforming growth factor-beta
BMT bone marrow transplantation
FABP4 fatty acid-binding protein 4
PRKKA2 Protein Kinase AMP-Activated Catalytic Subunit Alpha 2
SERPINE1 Serpin Family E Member 1
PDK4 pyruvate dehydrogenase kinase 4
IL-6ST Interleukin 6 Cytokine Family Signal Transducer
LPL lipoprotein lipase
TREM2 Triggering Receptor Expressed On Myeloid Cells 2
APOL3 apolipoprotein L3
SLAMF7 signaling lymphocytic activation molecule family member 7
IL4I1 Interleukin-4 Induced gene 1
EMILIN2 Elastin Microfibril Interfacer 2

COL1A1 Collagen Type I Alpha 1 Chain
ZNF683 zinc finger 683
LTB Lymphotoxin beta
KCNN4 Potassium Calcium-Activated Channel Subfamily N Member 4
ALDH1B1 Aldehyde Dehydrogenase 1 Family Member B1
ALDH6A1 Aldehyde Dehydrogenase 6 Family Member A1
ALDH7A1 Aldehyde Dehydrogenase 7 Family Member A1
BCKDHB Branched Chain Keto Acid Dehydrogenase E1 Subunit Beta
DBT Dihydrolipoamide Branched Chain Transacylase E2
EHHADH Enoyl-CoA Hydratase And 3-Hydroxyacyl CoA Dehydrogenase
HADHA Hydroxyacyl-CoA Dehydrogenase Trifunctional Multienzyme

Complex Subunit Alpha
MCCC2 Methylcrotonyl-CoA Carboxylase Subunit 2
ABAT 4-Aminobutyrate Aminotransferase
ACAA2 Acetyl-CoA Acyltransferase 2
ALDH9A1 Aldehyde Dehydrogenase 9 Family Member A1
AOX1 Aldehyde Oxidase 1
DLD Dihydrolipoamide Dehydrogenase
GNMT Glycine N-Methyltransferase
MAT1A Methionine Adenosyltransferase 1A
PLIN2 Perilipin 2
SQSTM1 Sequestosome 1
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1. INTRODUCTION

Obesity is associated with a constellation of disorders such as insulin
resistance, dyslipidemia or hepatic steatosis. Non-alcoholic fatty liver
disease (NAFLD) involves a series of liver abnormalities from simple
hepatic steatosis to non-alcoholic steatohepatitis (NASH), which can
ultimately lead to liver cirrhosis and cancer. Dysregulation of
branched-chain amino acid (BCAA) metabolism has emerged as a key
hallmark of these disorders, with converging experimental and
epidemiological observations [1,2]. The BCAAs leucine, valine, and
isoleucine are essential amino acids whose plasma concentrations are
increased in metabolic diseases such as obesity and type 2 diabetes,
are associated with the development of NAFLD, and strongly predict
the risk of type 2 diabetes mellitus [3]. It is hypothesized that elevated
circulating BCAAs observed in insulin resistance may result from
dysregulated BCAA degradation [4]. In a diet-induced obesity mouse
model, BCAA supplementation suppresses gluconeogenesis and acti-
vates lipogenesis, resulting in serious hepatic metabolic disorder and
severe liver insulin resistance [5]. BCAAs play a key role as gate-
keepers, feeding into upstream and downstream molecular pathways,
and thus, they are major metabolic regulators involved in the patho-
physiology of disease [6]. While insulin acutely increases BCAA
oxidation in cardiac and skeletal muscle, chronically insulin-resistant
mice show blunted BCAA oxidation in adipose tissues and liver,
shifting BCAA oxidation toward muscle [7]. Targeting BCAA catabolism
is a potential strategy to treat obesity-associated insulin resistance. In
fact, experimental models have shown that restriction of dietary
isoleucine led to reduced hepatic lipid deposition and smaller lipid
droplets [8,9].
There is now accumulating evidence showing the E3 ubiquitin
ligasesda large and diverse group of proteins with multiple binding
domains to interact with ubiquitin, E2 enzymes, and substrate pro-
teinsdplay a critical role in the tight regulation of metabolic and in-
flammatory processes in various contexts, including obesity [10e13].
Here, the analysis of liver transcriptomes and metabolomes from
obese women with steatosis and data obtained from different mouse
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models of steatohepatitis and hepatocellular carcinoma (HCC) show a
novel functional role for itchy E3 ubiquitin-protein ligase (ITCH) in the
hepatic regulation of BCAA metabolism.

2. MATERIALS AND METHODS

2.1. Human studies

2.1.1. Human biopsies
ITCH immunochemistry was performed on samples from FLORINASH
biobank [2] and stained with antibody Itch (ab31097, Abcam).
Formalin-fixed, paraffin-embedded biopsies were retrospectively
collected from files of the Pathologic Anatomy Unit of the Civico
Hospital, Palermo, Italy, and provided by M.V. and F.C. Briefly, 10
cases were selected of mild mixed macro- and micro-vesicular stea-
tosis and 10 cases of HCC arising in macro-vesicular steatosis were
also selected. The clinical characteristics of the patients studied were
previously described [2] in terms of history of either HBV/HCV infection,
cirrhosis, alcoholism, and NAFLD score. Fibrosis and/or cirrhosis were
not observed in the biopsies. RNA was extracted from paraffinated
slides using the RNeasy� FFPE Kit (QIAGEN) according to manufac-
turer instructions. Six subjects in the HCC groups and 6 subjects in the
NAFLD group yielded enough RNA to perform ITCH qPCR.
All the procedures followed were in accordance with the ethical
standards of the responsible committees (institutional and national) on
human experimentation and with the Helsinki Declaration of 1975 (as
revised in 2008). Written informed consent was obtained from all
patients at the time of biopsy, and the study was approved by the
Ethics Committee of the Civic Hospital, Palermo, Italy.

2.1.2. Transcriptomics data
A pilot microarray study was performed using Human Genome U133
Plus 2.0 Array (Affymetrix) (accession number GSE177050). Collection
and processing of the FLORINASH expression data have been
described previously [2]. The normalized data, available from
ArrayExpress (accession E-MTAB-4856), were used in this study.
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Microarray data were analyzed using R and the BioConductor pack-
age LIMMA (Linear Models for Microarray Data) [14], with the mod-
ifications for single channel data implemented [15]. An adjusted P
value (false discovery rate) of less than 0.05 was used as a cut-off for
identifying significantly differentially expressed genes (DEGs) [16].
Lists of DEGs, based on comparisons of ITCH low and high quartiles
(1817 genes) and NAS 0 vs. NAS 3 (117 genes) were generated.
Enrichr analysis was used to identify over-represented KEGG path-
ways and over-represented gene ontologies within the dataset
[17,18].

2.1.3. Metabolic phenotyping of plasma by 1H nuclear magnetic
resonance (NMR) spectroscopy
Plasma samples were characterized as previously described [2].
Briefly, plasma samples were centrifuged at 12,000 g at 4 �C for
5 min, then 350 mL of sample was mixed with 150 mL of buffer before
centrifugation at 12,000g at 4 �C for 5 min. Aliquots (600 mL) were
transferred into a tube for automated acquisition on an NMR spec-
trometer (Bruker) operating at 600.22 MHz 1H frequency as previously
described [2]. The 1H NMR spectra were pre-processed in MATLAB
using in-house routines, including automatic phasing, baselining and
referencing to the a-anomeric glucose doublet at 5.233 ppm; meta-
bolic signals were recovered using statistical recoupling of variables.
Metabolite identification and assignment were carried out using
STOCSY, HMDB, BMRB and in-house databases. Multivariate model-
ling was performed using O-PLS-DA as previously reported [19,20].

2.2. Mouse models and intervention

2.2.1. Mouse model
ITCH knockout (ITCH�/�) mice have been described previously [21].
Itchþ/� female and male mice were crossed to generate Itchþ/þ,
Itchþ/� and Itch�/� littermates. Genotyping was performed on tail
biopsy DNAs by PCR. Itch�/� mice were born as expected by Men-
delian ratio and are alive and fertile. Itch�/� mice and Itchþ/þ were
used for experiments [22e24]. ITCH�/� mice and wild-type (WT) lit-
termates on a C57Bl/6J background were maintained on 12-h light
and dark cycles under controlled environmental conditions, with free
access to water and food. Studies were performed only in male mice
because gender may influence the severity of NASH in the MCD model.
In fact, a comparison of the effects of an MCD diet between males and
females revealed that the male gender showed the greatest degree of
steatosis. Male C57/BL6 mice also showed the maximum lipid per-
oxidation, ultrastructural injury, inflammation and necrosis and showed
more characteristics aligned with NASH [25,26]. In the NASH model,
eight-week-old male C57Bl/6J or ITCH�/�mice were fed a normal diet
(ND, standard chow 10% calories from fat; GLP Mucedola) and a
methioneecholine-deficient diet (MCD; 960,439, MP Biomedicals) for
4 (short-term) or 12 (long-term) weeks, as indicated. At the end of the
treatments, blood samples were taken by retro-orbital bleeding with
heparinized capillary tubes; next, the mice were euthanized, and the
liver was excised rapidly to be used for further analysis. All specimens
were stored at �80 �C.
For rescue experiments, 8-week-old male WT or ITCH�/� mice were
injected retro-orbitally with PBS, 2,3� 109 plaque-forming units (PFU)
of ADV-GFP (Ad-CMV-GFP cat. no. 1768, Vectorbiolabs) or ADV-ITCH
(Ad-GFP-mITCH cat. no. ADV-262418, Vectorbiolabs), once per week
for 4 weeks, in combination with an MCD diet [27e30]. The obesity-
hepatocellular carcinoma model induced by di-ethyl-nitrosamine (DEN)
treatment was previously described [31]. Briefly, 25 mg/kg DEN was
injected intraperitoneally into 14-day-old male mice. After 4 weeks,
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mice were fed a high-fat diet (HFD) until sacrifice at 36 weeks of age.
Tumors were isolated and used for further analysis. Animal studies
were performed from 2013 to 2014 and approved by the University of
Tor Vergata Animal Care and Use Committee.

2.2.2. Metabolic tests
Blood glucose concentrations were determined using an automated
Onetouch Lifescan Glucometer; Insulin and FFA levels in serum were
measured using commercial kits (Insulin 10-1249-01, Mercodia; FFA
MAK044, SigmaeAldrich). Triglycerides extracted from liver tissues
were analyzed using the Triglyceride Quantification Kit (ab65336,
Abcam) according to the manufacturer’s instruction. Briefly,w100 mg
of tissue was washed with cold PBS, re-suspended and homogenised
in 1 ml of 5% NP-40/ddH2O solution using a Dounce homogenizer. The
samples were slowly heated to 95 �C in a water bath for 5 min, then
cooled down to room temperature for two times to solubilize all tri-
glycerides. After 2 min at top speed in a microcentrifuge to remove any
insoluble material, samples were diluted 10-fold with ddH2O. Meta-
bolic tests were performed in serum obtained from both fed conditions
and after 6 h of fasting from WT and ITCH�/� mice, both before and/or
after 4 weeks of an MCD diet.

2.2.3. Western blots
Western blots on total tissue lysates were performed as previously
described [21]. The following antibodies were used: TGF-b (sc-7892,
Santa Cruz), Actin (sc-47778, Santa Cruz), Tubulin (T9026, Sigma),
ACADSB (ab129710, Abcam), Itch (ab31097, Abcam) and GFP
(NB600-308, NOVUSBIO). For serum experiments, 5 mL of serum
samples were subjected to SDS-PAGE and immunoblot analysis. The
following antibodies were used: TNF alpha (ab6671, Abcam), MCP1
(ab7202-50, Abcam) and IL6 (AMC0864, Invitrogen).

2.2.4. Histochemical staining
The livers were fixed in 4% paraformaldehyde and embedded in
paraffin, and the sections were then processed by hematoxylin and
eosin (H&E) and Masson’s Trichrome staining for histological evalua-
tion of the NAFLD score [31]. For GFP staining, paraffin-embedded
tissue was sliced into 3 mm sections, deparaffinized, and rehydrated
with a decreasing gradient of alcohol. Antigen retrieval was performed
in HIER solution at pH 6 and at 98 �C for 30 min. Sections were
incubated for 1 h with anti-GFP (dilution 1:50, NB600-308, NOVUSBIO.
Reactions were visualized by the UltraTek HRP Anti-Polyvalent Staining
System (Scytek).

2.2.5. BCAA analysis
BCAA concentration in serum and liver tissue was determined using
the Branched Chain Amino Acid Assay Kit (ab83374, Abcam), in
accordance with the manufacturer’s protocol. For tissue samples,
500 ml of the cold assay buffer were added to 10 mg of the liver. Using
a Dounce homogenizer on ice, the tissues were lysed. Samples were
spun down, and the supernatant was collected.

2.2.6. Gene expression analysis
Total RNA was isolated from liver using Trizol reagents (Invitrogen
Corp., Eugene, OR). Total RNA (2 mg) was extracted and reverse-
transcribed into cDNA using the High Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA). A quantitative, real-time PCR
was performed using an ABI PRISM 7700 System and TaqMan re-
agents (Applied Biosystems). Each reaction was performed in triplicate
using standard reaction conditions, and the cycle threshold (Ct) value
was normalized in mice by b-actin.
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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2.2.7. Bone marrow transplantation
Bone marrow transplantation (BMT) studies were performed as pre-
viously described [32]. Briefly, 8-week-old WT and ITCH�/� recipient
mice were given busulfan (Sigma Aldrich) (20 mg/kg/day) and cyclo-
phosphamide (Sigma Aldrich) (100 mg/kg/day). Mice were rested one
day, and BMT was then performed. Bone marrow cells were harvested
from WT and ITCH�/� mice femurs and tibias by flushing with PBS.
After washing, bone marrow cells were injected in the retro-orbital
venous plexus of the recipient mice. Feeding with an MCD diet
began 4 weeks after engraftment. PCR for the ITCH�/� genotype was
performed on DNA extracted from the blood of recipient mice 8 weeks
after BMT to confirm the efficiency of this BMT technique.

2.3. Statistical analysis
Statistical data of the experimental studies were expressed as
mean � standard error of the mean (SEM). Statistical analyses were
performed using GraphPad Prism (v.5.02). Groups were compared
using a two-tailed unpaired Student’s t test or one-way ANOVA with
Bonferroni Multiple Comparison Test or Dunnett’s Multiple Comparison
Test, as indicated. Values of p < 0.05 were considered statistically
significant.

3. RESULTS

3.1. Identification of novel targets for NAFLD in obese women
To identify novel targets in the development of metabolic-associated
fatty liver disease (NAFLD), we performed a scoping transcriptome
analysis comparing subjects with obesity, impaired glucose meta-
bolism and steatosis >3 (n ¼ 3 per group) to obese subjects with
normal glucose tolerance and steatosis <1 (n ¼ 3 per group)
(Figure S1A). Several well-characterized markers of NAFLD were
differentially expressed in the two groups; therefore, the expression
levels of FABP4, PRKKA2, SERPINE1 (significantly up-regulated), PDK4,
and IL-6ST (significantly downregulated) (Figure S1B) were validated
by qPCR. Interestingly, ITCH was among the most significantly down-
regulated genes (Figures S1A and B). ITCH is an E3 ubiquitin ligase
mostly known for its role in the regulation of inflammatory signals and
auto-immunity [33,34], but its role(s) in hepatic steatosis remains
undefined. To gain mechanistic insight on the role of ITCH in the NAFLD
phenotype, we next investigated its expression in the FLORINASH
hepatic whole-genome transcriptome database (n ¼ 88, 32 men and
56 women) in relation to steatosis grade [2]. We confirmed that ITCH is
among the 499 significantly differentially expressed genes (p-FDR <
0.05) when comparing steatosis degree (Steatosis 0 versus 3) in the
whole FLORINASH liver transcriptome dataset (p-FDR ¼ 0.019, mean
expression 8.76, log2 fold change �0.30) (Table S1).
Immunohistochemical analysis of FLORINASH liver biopsies showed
that ITCH protein abundance was negatively associated with steatosis
(Figure 1A and Figure S2). We confirmed through linear models
(adjusted for age, sex, and BMI) that low ITCH expression, assessed by
qPCR, was significantly associated with ultrasound-assessed steatosis
(Figure 1B) in the FLORINASH liver mRNA biobank (n ¼ 129, clinical
data are reported in Table S2). We also showed that ITCH was
significantly downregulated when comparing NAFLD or NAFLD with
signs of activity (inflammation and/or fibrosis) [35] in normal subjects
(Figure 1C). Univariate analysis with post-hoc comparison of the
clinical data for the whole cohort with available qPCR data (n ¼ 129)
showed that fasting insulin and HOMA-IR were significantly associated
with ITCH expression, while the glucose disposal rate did not remain
significant after correction for multiple testing (Table S3). Pearson and
Spearman’s rank-based correlation analysis showed that ITCH
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expression was associated with several markers of lipid and glucose
metabolism and liver function (Table S3). We also found significantly
reduced ITCH expression in RNA extracted from liver biopsies from
subjects with obesity/NAFLD-related hepatocellular carcinoma
compared with those with NAFLD (n ¼ 6 per group, p < 0.05)
(Figure 1D) [36]. These results suggest that ITCH expression is
consistently downregulated in multiple liver disease contexts.

3.2. Transcriptomics signatures between low ITCH expression and
grade 3 steatosis
We next stratified the female subjects (n ¼ 56) with available tran-
scriptomic data according to ITCH quartiles. Comparison of Quantile 1
(L, ITCHlow) and Quantile 4 (H, ITCHhigh) by LIMMA analysis revealed
1,817 genes that were significantly differentially expressed between
the two groups (adj. P value< 0.05) (Figure 1E and Table S4). We then
analyzed the same group after stratification for steatosis (grade 3
(steatosishigh)) compared with steatosis grade 0) and found 117 genes
to be significantly (adj. P value < 0.05) differentially expressed be-
tween the two steatotic groups (Table S5).
The overlap between steatosishigh- and ITCHlow-associated genes
identified 92 intersecting significantly differentially expressed genes
(Figure 1F and Table S6). The 10 top upregulated genes common to
ITCHlow and steatosishigh were LPL, TREM2, APOL3, SLAMF7, IL4I1,
EMILIN2, COL1A1, ZNF683, LTB and KCNN4, which are involved in
inflammation and fibrosis (Table S6). Among the top down-regulated
genes common to ITCHlow and steatosishigh, we found genes
involved in BCAA degradation (Figure 1G and Table S6).
Next, we performed an enrichment analysis of the 92 intersecting
genes and found that the most significant represented pathway was
‘valine, leucine and isoleucine degradation’ (Figure S3 and Table S7).
Among the 1,817 genes associated with ITCHlow (adj. P value < 0.05),
10 (ACADSB, ALDH1B1, ALDH6A1, ALDH7A1, BCKDHB, DBT, EHHADH,
HADHA, IL4I1, and MCCC2) belonged to the human KEGG pathway
‘Valine, leucine, and isoleucine degradation’. When the adjusted P
threshold was increased to 0.1 (2,765 significantly differentially
expressed genes), five additional genes (ABAT, ACAA2, ALDH9A1,
AOX1, and DLD) belonging to the pathway were significantly differ-
entially expressed (Figure 2 and Table S4).
We then analyzed plasma metabolites profiled by 1H NMR spectros-
copy and built multivariate O-PLS analyses to integrate functional
datasets of steatosis with ITCH qPCR data. Remarkably, the steatosis
and ITCH metabolic signatures depicted in the O-PLS model coefficient
plots presented reciprocal inverse patterns suggestive of mirrored
metabolic signatures for blood plasma metabolites (Figure 3A,B). Using
permutation testing with 10,000 iterations, we confirmed the opposite
trends between ITCH and steatosis for 1H NMR resonances corre-
sponding to eCH3 and eCH2- from lipoproteins, lactate, glucose and
BCAAs. These results showed that the low ITCH expression quartile
and the steatosis 3 group had similar metabolic profiles, which
strengthens the possible involvement of the downregulation of ITCH in
the pathogenesis of NAFLD.
ITCH expression (qPCR data) for 78 women showed a significant
negative correlation (adj. P value < 0.1) with valine and isoleucine
levels in plasma (Table S8). Altogether, these transcriptomic and
metabolic results suggest that when ITCH expression is low, degra-
dation of BCAAs decreases because of downregulation of genes within
the degradation pathway, leading to increased abundance of these
metabolites in plasma.
In summary, our clinical studies showed that lower ITCH hepatic
expression in obese subjects is associated with NAFLD, with evidence
of dysregulation at hepatic gene expression and metabolic levels.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: ITCH expression is in the hepatocyte and kupffer cell fraction and reduced in steatotic areas. A) Immunohistochemical studies revealed that ITCH expression was
reduced specifically in steatotic regions. B) ITCH expression decreases as steatosis score increases (n ¼ 129, Spearman partial correlation p < 2 � 10�6 after correction for age,
BMI and country). C) ITCH expression in subjects with different NAFLD characteristics (n ¼ 129, ***p < 0.001 with One-way Anova and KruskalleWallis test). D) ITCH expression
in HCC and NAFLD patients (n ¼ 6 per group; Student’s t test *p < 0.05). E) Heat map showing the 1,817 genes differentially expressed when comparing the data based on lower
(lo) and higher (hi) ITCH quantiles (n ¼ 56 females). Data were log2-transformed and scaled to produce the heat map. F) Number of significantly differentially expressed genes that
intersect based on analyses of genes by ITCH and steatosis. Differential gene expression was determined for the lowest and highest ITCH quartiles and for data based on steatosis
0 vs steatosis 3. G) Top 25 upregulated and downregulated genes when comparing intersecting genes in the context of ITCH expression and steatosis.
3.3. Evidence for ITCH and BCAA interplay in experimental models
To dissect the causal role of ITCH in steatosis, we turned to animal
models. First, we used short-term (4 weeks) and long-term (12 weeks)
methioneecholine-deficient (MCD) diets to mimic the initial and late
stages of steatohepatitis (Figure 4A), as confirmed by downregulation of
GNMT and MAT1A and increased COL1A1 as in non-alcoholic steato-
hepatitis (NASH) (Figure S4A) [37]. We observed that intrahepatic BCAAs
were upregulated in mice treated for 12 weeks with the MCD
(Figure 4A), with concomitant downregulation of ITCH, ACADSB, and
ALDH6A1 and other BCAA degradation-associated genes (BCKDHB,
EHHADH, ACCA2, ABAT, and AOX1); we found that expression of BCAT2
remained unaffected by diet (Figure 4B and Figure S4B). Next, because
obesity is a bona fide promoter of liver cancer [38], and to understand
whether ITCH plays a role in the continuum between steatohepatitis and
its complications such as HCC, we analyzed an established model of
HCC that combines dietary and genetic risk (Figure S4C) [30]. Treatment
with di-ethyl-nitrosamine (DEN) at 14 days only induced hepatic nodules
MOLECULAR METABOLISM 59 (2022) 101454 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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at 8 months (32 weeks later), while the combination of DEN treatment
with the HFD feeding from 8 weeks of age induced a fully blown HCC
phenotype at 8 months (Figure S4D). ITCH expression decreased in HCC
from mice treated with DEN þ HFD. In the HFD-HCC model, like in the
MCD model, genes involved in steatohepatitis were consistently
downregulated (GNMT,MAT1A) or up-regulated (COL1A1) (Figure S4E).
Consistent with our human data and MCD model, the downregulation of
BCAA degradation genes (ABAT, ACAA2, ACADSB, ALDH6A1, and
BCKDHB) mirrored ITCH downregulation in the HCC model (Figure S4E).

3.4. Modulation of ITCH in vivo modifies BCAA levels
Having established that ITCH is a gene related to the progression of
NAFLD, we then used the whole-body ITCH knockout (ITCH�/�) fed a
short-term (4 weeks) MCD diet as a model of liver lipotoxicity; we
found that ITCH deletion promotes steatohepatitis (Figure 4C and
Figure S5), increased expression of a fibrosis mediator such as TGF-b
(Figure 4D) and reduced expression of ACADSB (Figure 4E). Despite the
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 2: Integration of ITCH qPCR data, plasma metabolite data and ITCH-associated differentially expressed genes. Among the 2,765 genes found to be significantly
(adjusted p value < 0.1) differentially expressed when analyses were based on low or high ITCH expression, 15 belonged to the human KEGG pathway ‘Valine, Leucine, and
Isoleucine degradation’. Black dots represent metabolic intermediates in the pathway. Only end-point metabolites are annotated. Pathways shown in green boxes also contain
genes that are significantly differentially expressed when microarray data are analyzed based on ITCH quartiles. White box around gene name, gene not significantly differentially
expressed; colored box around gene name, log2-fold change (refer to color scale in figure).
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significant weight reduction in ITCH�/� mice compared to WT,
metabolic parameters like glucose, insulin and FFA serum levels,
assessed before and after 4 weeks of an MCD diet, and triglyceride
levels in liver showed no relevant differences between WT and ITCH�/

� mice. This suggests that loss of ITCH primarily impacts the NAFLD
phenotype rather than being a secondary result of metabolic de-
rangements (Table S9). We then implemented a rescue strategy using
adenovirus encoding ITCH (ADV-ITCH) in both WT and ITCH�/� mice
fed a short-term MCD diet (Figure 5A). After 4 weeks of weekly in-
jections of ADV-ITCH, we found that the weight of ITCH�/� was lower
than WT, with a trend to increase in ITCH�/� injected with ADV-ITCH
(Figure S6A). On the contrary, ITCH�/� showed a mild but not sig-
nificant increase in triglycerides, which tended to decrease after the
ADV-ITCH injection (Figure S6B). Immunohistochemical analysis
showed that GFP was expressed in mice injected with ADV-GFP and
ADV-ITCH, both in hepatocytes (asterisk) and kupffer cells (arrow)
(Figure S6B and Figure S7A). GFP protein expression was confirmed by
western blot in liver (Figure S7B).
ITCH expression was significantly increased in liver from ITCH�/�
mice that were fed a short-term MCD, compared to control and ADV-
GFP injected mice (Figure 5B), but resulted undetectable in other
6 MOLECULAR METABOLISM 59 (2022) 101454 � 2022 The Authors. Published by Elsevier GmbH. T
tissues, such as muscle and spleen (Figure S8A). Consistent with
clinical observation that low ITCH expression reduces hepatic BCAA
catabolism, we found increased BCAA levels in serum and liver from
ITCH�/� mice compared with WT fed a short-term MCD, but we found
normalization of BCAA levels in ITCH�/� liver when ITCH expression
was rescued (Figure 5C). ACADSB mRNA and protein levels behave
accordingly (Figure 5D). Expression of inflammatory markers (TNF
alpha, MCP1 and IL6) in serum increased in ITCH�/� mice as
compared that in WT, which showed a blunted reduction after
adenoviral treatment (Figure S8B).
Given the inflammatory component triggered by ITCH [39], we
assessed whether the ITCH-induced steatohepatitis phenotype is a
consequence of the ITCH-induced inflammatory phenotype in immune
cells, thus proceeding to BMT between WT and ITCH�/� mice fed a
short-term MCD (Figure S9A). We observed a gradual increase in
steatohepatitis score by comparing WT/WT, ITCH�/�/WT,
WT/ITCH�/�, and ITCH�/�/ITCH�/� (Figure S9B), which suggests
that ITCH expression in both hepatic and myeloid cells plays a role in
the NASH phenotype (Figure S9, Table S10). ACADSB mRNA and
protein levels (Figure 5E), but not triglycerides (Figure S9C), followed
the same pattern.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Plasma metabolites profiled by 1H NMR spectroscopy and multivariate O-PLS analyses integrating functional datasets steatosis and ITCH qPCR data. A)
Model coefficient plot for an O-PLS regression model using 1H NMR metabolic profiles to fit NAS, represented in a pseudo-spectrum plot according to the 1H NMR chemical shift, in
which the line shape is derived from mean-centered model coefficients related to covariance whilst the color-scale is derived from unit-variance model coefficients related to
correlation. B) Model coefficient plot for an O-PLS regression model using 1H NMR metabolic profiles to fit ITCH quartiles, represented in a pseudo-spectrum plot according to the
1H NMR chemical shift.
4. DISCUSSION

In recent years, the use of metabolomics and lipidomics, alongside
integration with transcriptomics data, has prompted identification of
targets to further explore for treatment in, or prevention of, human
NAFLD [40e43]. A two-stage metabolic and molecular screening of
liver tissue showed that hydroquinone and nicotinic acid were inversely
correlated with histological NAFLD severity [44]. Another study that
profiled changes in hepatic BCAA metabolite levels, with tran-
scriptomic changes in the progression of human NAFLD, outlined that
the transition from steatosis to NASH was associated with increases in
levels of leucine, isoleucine, and valine (147%), as well as with sig-
nificant downregulation of amino acid and BCAA metabolism gene sets
[45]. A strong association of obesity and insulin resistance with
increased circulating levels of branched-chain levels has for decades
been recognized in human subjects [46].
The interplay of BCAAs metabolism with metabolic health is therefore a
translatable option for the treatment of obesity and insulin resistance;
however, further investigation is warranted to better understand the
molecular basis.
Here we added one potential partner in the still fragmentary molecular
scenario underlying the role of BCAAs in metabolic health. Altogether,
with clinical studies and animal models, we demonstrate that the
downregulation of ITCH affects the hepatic transcriptome and plasma
MOLECULAR METABOLISM 59 (2022) 101454 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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metabolome (BCAAs and glucose homeostasis) in a coordinated
manner, with implications for increased risk of developing steatosis to
NASH and HCC. This is a novel functional role for ITCH, which is a
ubiquitin ligase typically tagging proteins for proteasome degradation to
regulate immune functions in autoimmune disease, autophagy, and
cancer [33,34,47,48].
Interestingly, we found that isoleucine and valine, but not leucine, were
inversely correlated with the hepatic expression of ITCH. Dietary levels
of isoleucine are positively associated with BMI in humans. Further-
more, two studies independently proved that in obese mice, the
lowering of BCAA circulating levels by a decrease in consumption of
BCAA in the diet, particularly isoleucine and valine, promoted metabolic
health and rapid fat mass loss even without calorie restriction [8,9].
Another study found that short-term dietary reduction of BCAAs de-
creases postprandial insulin secretion and improves white adipose
tissue metabolism and gut microbiome composition in patients with
type 2 diabetes [49]. In Zucker-fatty rats, branched-chain amino acid
restriction improves muscle insulin sensitivity by enhancing efficiency
of fatty acid oxidation and acyl-glycine export [50], while others did not
observe any effect of BCAA supplementation on glucose homeostasis
in mice [51,52]. Overall, further studies are needed to definitively prove
a potential metabolic benefit from the reduction of BCAA.
Our data have clear clinical relevance as we have identified a gene at
the intersection of several pathways involved in the benign steatosis to
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 4: Effect of MCD on wild type (WT) and ITCH knockout (ITCH�/�) mice. A) Intra-hepatic BCAAs are increased and B) ITCH, ACADSB and ALDH6A1 mRNA expression
are reduced in liver from WT mice fed MCD compared with WT mice fed ND for 12 weeks (n ¼ 3e4 per group; *p < 0.05, ***p � 0.001, ****p � 0.0001; one-way ANOVA with
Bonferroni Multiple Comparison Test, data are means � SEM); (C and D) After 4 weeks of MCD diet, ITCH�/� showed increased steatosis and fibrosis compared with WT.
Steatosis, inflammatory activity and fibrosis cumulatively determined a higher NASH score and increased TGFb in ITCH�/� fed short-term MCD diet compared with WT fed short-
term MCD diet (n ¼ 5 per group). E) Decreased ACADSB mRNA expression in ITCH�/� MCD compared with WT MCD (n ¼ 11e9 per group; *p < 0.05, **p � 0.01; Student’s t-
test, data are mean � SEM).
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deleterious steatohepatitis transition. In particular, lower hepatic ITCH
expression in human subjects is associated with two factorsdthat is,
apoptosis and regulation of cellular response to stressdbelieved to be
involved in the NAFLD to NASH transition [53].
In human pathology, mutations in the ITCH gene (located on chro-
mosome 20q11.22) can lead to a deficiency of the encoded protein and
increased T cell activity with manifestation of a complex, systemic
autoimmune disease, including hepatic failure [54,55]. Our study did
not include subjects with autoimmune disease, but analysis of Gene
Ontology of ITCH-associated pathways highlighted cytokine signaling,
neutrophil functions, and T cell activation, suggesting that ITCH is also
a regulator of immune and inflammatory pathways in hepatic meta-
bolic disorders.
The role of BCAA catabolism in NAFLD remains unclear. We previously
showed that primary human hepatocytes use BCAAs as a primary
substrate, especially under free fatty acid and phenyl acetic acid
treatment [2]. Here, we also observed a mild BCAT2 expression in liver.
Other studies have shown that the transition from normal liver to
NAFLD stages is associated with adaptive downregulation of several
genes involved in BCAA catabolism, including BCKDHA complex [45].
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The effect of ITCH on BCAA catabolism may help explain recent ob-
servations in mice in which obesity and insulin resistance redistribute
whole-body BCAA oxidation. In fact, in healthy conditions, oxidation in
adipose tissue and the liver prevents excessive shunt of BCAAs to the
muscle. Suppression of BCAA oxidation in liver and adipose tissues
promotes elevations in plasma BCAAs, likely shunting BCAA oxidation
to permissive organs. Consistent with these observations, recent
studies in whole animals with steady-state, heavy isotope infusions
revealed in db/db mice blunted BCAA oxidation in fat and liver, with
consequent significant shunting of oxidation to skeletal muscle
[56,57]. However, in our reconstitution experiment, we observed that
the adenovirus encoding for ITCH also affected liver macrophages.
Interestingly, reduced BCAA catabolism is observed in macrophages
from db/db mice, and enhancing BCAA catabolism with pharmaco-
logical activator attenuates inflammation and tissue fibrosis in liver
[58]. Similarly, it has been shown that BCAT1 controls metabolic
reprogramming in activated human macrophages and is associated
with inflammatory diseases [59]. Therefore, we cannot exclude that
the effect of ITCH on BCAA catabolism is determined in the myeloid
rather than the hepatic compartment.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Modulation of BCAAs in ITCHL/L MCD. A) WT or ITCH�/� mice were injected retro-orbitally with PBS, ADV-GFP or ADV-ITCH once a week for 4 weeks, in
combination with MCD diet. B) Protein expression of ITCH in liver is increased in ITCH�/- MCD after treatment with ADV-ITCH. (n ¼ 3e4 per group). A representative image of 2
mice per group is shown. C) Circulating BCAAs are increased in ITCH�/� compared with WT on or MCD (p ¼ 0,08, n ¼ 3e4 per group); intra-hepatic BCAAs are increased in
ITCH�/� MCD compared with WT MCD and decreased after treatment with ADV-ITCH (n ¼ 4 per group); C) ACADSB mRNA and protein are decreased in ITCH�/� MCD compared
with WT MCD (n ¼ 5 per group) and increased after treatment with ADV-ITCH (n ¼ 4 per group); D) ACADSB mRNA and protein in bone marrow transplant (BMT) model are
significantly reduced in ITCH�/� transplanted with ITCH�/- bone marrow compared to WT transplanted either with WT- or ITCH�/�- bone marrow (n ¼ 3e4 per group). (*p < 0.05,
**p � 0.01, ***p � 0.001; Student’s t test, data are mean � SEM).
Our study has limitations. First, our results clearly demonstrate that
modulating ITCH expression in the hepatic tissue by re-expressing it in the
hepatocytes via the adenovirus approach or in the non-hepatic
compartment via bone marrow transplantation, results in parallel mod-
ulation of BCAA levels and ACADSB mRNA and protein levels in the liver.
However, loss of ITCH is expected to reduce protein degradation, sug-
gesting that ITCH targets one ormore proteins acting as a co-repressor for
BCAA catabolic gene expression. Identification of these targetswill require
a proteomics-based approach to be performed in future works.
Second, the effect of ITCH on hepatic steatosis may not be restricted to
the regulation of BCAA. In fact, it has been shown that ITCH may affect
the lipid droplet binding protein Perilipin 2 degradation [60]. Ablation of
perilipin 2 (PLIN2), the most abundant lipid droplet-associated protein
in steatotic liver, protects mice from diet-induced NAFLD [61]. Reduced
ITCH expression increases Perilipin 2 on lipid droplets, which in turn
increases lipid droplets formation in hepatocytes [62,63]. In humans,
high levels of Plin2 are present in sarcopenia, hepatic steatosis,
MOLECULAR METABOLISM 59 (2022) 101454 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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atherosclerosis and some types of cancer [64]. ITCH polyubiquitinates
PLIN2 (and potentially other lipid droplets-associated proteins), leading
to the association of the macroautophagy cargo receptor SQSTM1/p62,
which triggers macrolipophagy [65]. It has been hypothesized that
ITCH-mediated ubiquitination of PLIN2 could initiate Ub-dependent
macrolipophagy, but more direct evidence supporting this notion
needs to be collected [66]. Effects of ITCH on PLIN2 might also help
explain the slight difference between liver ORO staining (increased) and
triglyceride levels (which only tend to increase) in response to
diminished ITCH expression. In fact, ORO also stains neutral lipids such
as cholesterol and diacylglycerol, and PLIN2 is known to facilitate the
storage of neutral lipids within lipid droplets. However, further studies
across more specific models are needed to understand the role of ITCH
E3-mediated degradation of PLIN2 in cardiometabolic disorders and
the link between neutral lipids content in lipid droplets.
We used mouse models to confirm the link between ITCH and BCAA
degradation found in human analysis; however, mice models do not
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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perfectly match human NAFLD. In particular, the whole-body ITCH
knockout has different phenotypes, due to pleiotropic effects of ITCH on
inflammation and autoimmunity, that may imply actions on different
targets [39]. From our human and mouse models, we observed the loss
of ITCH expression in both hepatocyte and non-hepatocyte compart-
ments, but whether one or both is more relevant in the context of NAFLD
remains unclear. Finally, NAFLD is often linked to dysfunctional adipose
tissue. Since we previously found that global loss of ITCH may exert a
TH2/M2 reaction in WAT and atherosclerotic plaque in mice, it will be
necessary to understand in human subjects whether the reduction of
ITCH is part of an adaptive response to an increase in oxidative pathways
[21,32]. Intriguingly, beside the role of ITCH E3 ligase in the Ub pathway,
the reduction of ITCH is mirrored by a reduction in circular ribonucleic
acid (circRNA) ITCH [67,68]. Recent reports have suggested that a
reduction of circ-ITCH may have implications in carcinogenesis including
effects on hepatocellular carcinoma [69e72].
In conclusion, our human and mouse data suggest that increased
circulating BCAA levels, a hallmark of metabolic and cardiovascular
diseases, may be partly mediated by loss of ITCH regulation of BCAA
degradation enzymes in the liver cells. Beyond NAFLD, given the
prevalence of BCAA dysregulation in obesity, this work highlights ITCH
as an actionable candidate to normalize BCAA metabolism in obesity
and more generally in cardiometabolic disorders.
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