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Abstract: Diabetic and obese patients have a high prevalence of non-alcoholic fatty liver disease
(NAFLD). This condition groups a spectrum of conditions varying from simple steatosis to non-
alcoholic steatohepatitis (NASH), with or without fibrosis. Multiple factors are involved in the
development of NAFLD. However, details about its pathogenesis and factors that promote the
progression to NASH are still missing. Growth hormone (GH) and insulin-like growth factor 1
(IGF-1) regulate metabolic, immune, and hepatic stellate cell functions. Increasing evidence suggests
they may have roles in the progression from NAFLD to NASH. Following the PRISMA reporting
guidelines, we conducted a systematic review to evaluate all clinical and experimental studies
published in the literature correlating GH and IGF-1 to inflammation and fibrosis in NAFLD and
NASH. Our results showed that GH and IGF-1 have a fundamental role in the pathogenesis of NASH,
acting in slightly different ways to produce a synergic effect. Indeed, GH may mediate its protective
effect in the pathogenesis of NASH by regulating lipogenesis pathways, while IGF-1 has the same
effect by regulating cholesterol transport. Therefore, they could be used as therapeutic strategies in
preventing NAFLD progression to NASH.

Keywords: growth hormone; growth hormone receptor; insulin-like growth factor-1; non-alcoholic
fatty liver disease; non-alcoholic steatohepatitis

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) currently affects 20-30% of the general
population. Its prevalence has increased from 15% in 2005 to 25% in 2010, and it is
still expected to increase in the following years [1,2]. NAFLD is defined as a >5% fatty
accumulation in the hepatocytes in the context of no excessive alcohol intake or any other
hepatic pathological conditions. Ranging from simple steatosis to a more severe form of
the disease known as non-alcoholic steatohepatitis (NASH), it represents a broad spectrum
of pathologies [3,4]. NASH is generally characterized by four main components: liver
steatosis, inflammation, hepatocellular injury, and different degrees of fibrosis [5-7]. These
pathophysiological factors may also foster the development of cirrhosis and hepatocellular
carcinoma in NASH patients, which is now considered the second most common indication
for liver transplantation in the USA after alcoholic liver disease [8-11] (Figure 1).
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NAFLD: Consists of simple steatosis (accumulation of abnormal amounts of lipids) and non-alcoholic
steatohepatitis (NASH)

NASH: Istopathological abnormalities commonly observed in NASH include Steatosis, lobular
inflammation, and hepatocellular ballooning
Figure 1. Different characteristics contributing to the transition from a healthy liver to the develop-
ment of NASH.

Even though the progression of NAFLD to NASH is associated with multiple factors,
two elements are generally highlighted: insulin resistance in conjunction with hepatic fat
accumulation; and an increased state of oxidative stress, mitochondrial dysfunction, and
inflammation [4]. All these factors have been associated to some extent with endocrine
diseases; indeed, it has been reported recently that hypothyroidism, polycystic ovarian
syndrome, and growth hormone (GH) deficiency may be involved in the development
of NASH [2,12]. Moreover, excess lipid accumulation in the liver may be an important
cause of hepatic steatosis, a condition marked by an accumulation of triglycerides in the
liver. CD36 is a membrane receptor, and it is a known driver of hepato-steatosis onset,
contributing significantly to its progression to NASH [13]. Indeed, CD36 takes part in free
fatty acid uptake as well as triglyceride storage and secretion [14].

GH is an anterior pituitary anabolic hormone responsible for regulating lipolysis
and the anti-inflammatory response [11]. It exerts its effects through insulin-like growth
factor 1 (IGF-1), mainly released by the liver [4,11]. IGF-1 molecules are bound by one
of the six IGF-binding proteins (IGFBP), which modulate the half-life of IGF-1 and its
signaling. GH and IGF-1 are generally reduced in obesity and play a significant role in
insulin sensitivity [4]. IGF-1 has also been shown to present antifibrotic properties in rodent
liver disease models, including NAFLD and NASH. Thus, the state of relative GH and IGF-1
deficiency in patients with obesity may have potential implications in the development of
NAFLD and NASH [11].

The relationship between NASH and low levels of GH and IGF-1 has not been estab-
lished yet in the medical literature. In virtue of this, this systematic review aims to study
the current evidence and knowledge on the pathophysiologic mechanisms of GH and IGF-1
in the development of NASH and assess the potential benefits of GH and IGF-1 therapy in
this patient population.

2. Materials and Methods

This systematic review followed the Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA) reporting guidelines [15]. This study reports qualitative data,
and because of the presence of different sample populations and inconsistent reporting of
outcomes, a meta-analysis was not performed.
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2.1. Searches

PubMed, Scopus, and Cochrane were searched using the following keywords: (NASH)
AND ((IGF-1) OR (GH))) to retrieve articles reporting the roles of GH and IGF-1 in the
development or treatment of NASH. Results were admitted from the time of inception up
to and including 17 August 2022.

2.2. Inclusion and Exclusion Criteria

Only published articles reporting the role of GH or IGF-1 in the development and /or
treatment of NASH were included, excluding all the studies reporting GH or IGF-1’s role
outside NASH. Articles describing IGF-1 and GH’s roles only in NAFLD were excluded. In
human studies, only diagnoses of NASH based on biopsy were selected, while other meth-
ods like ultrasonography or imaging without biopsy confirmation were excluded. Reviews
were included, while letters, editorials, conference papers, preprints, commentaries, book
chapters, or any article written in a language other than English were excluded.

2.3. Study Selection and Data Extraction

Duplicates were removed by using the Rayyan—Intelligent Systematic Review plat-
form [16]. Titles and abstracts of the studies were screened independently by two authors
(A.Ma. and L.C.) to identify all the papers meeting the inclusion criteria. Two authors (L.C.
and A.Ma.) reviewed the full texts for inclusion and data extraction. The bibliography
of the included manuscripts was eventually revised to identify additional articles that
could be included. Any disagreement between the screening authors was resolved through
discussion with a third reviewer (E.G.).

The information extracted from the included articles was stored in a Microsoft Excel®
version 16.67 spreadsheet. Information related to the manuscript, such as the author’s
name, journal of publication, and publication date, were collected. In each study, the
number of patients, the main research question, the methodology, and the primary key
findings were also gathered in the spreadsheet. At the end of the process, A.Ma. reviewed
all 27 articles and rechecked that there were no mistakes in the data collection process.

3. Results
3.1. Searching Results

The study flow diagram is illustrated in Figure 2. Searches identified 104 records:
46 from PubMed, 56 from Embase, and 2 from Cochrane. A total of 14 manuscripts were
duplicates and automatically excluded using the Rayyan—Intelligent Systematic Review
platform [16]. A total of 90 studies were evaluated by title/abstract screening against the
eligibility criteria, and 63 were excluded. Of the remaining 27 papers potentially eligible
papers, after the full-text screening, 17 were included; 10 were excluded because 1 was
not related to the topic, 4 were congress abstracts, 1 was in a language other than English;
and 4 articles were not available. After revising the bibliography of the included articles,
4 papers were further identified. Thus, 21 cited articles were included in this systematic
review that were published between 2007 and 2022 (Table 1).
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Figure 2. PRISMA flow diagram of the study.
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Table 1. Studies included in the systematic review assessing the relationship between NASH IGF-1 and GH.

Study N° of Patients with o . Mean Population Age . Method of
Study/Year Design Country NAFLD/NASH N° of Controls M/F Ratio (&SD) Research Question Diagnosis Comment
Fibrosis stage 0-1:
Ichikawa et al., 2007 cs Japan 55 patients with : 20 males 475 +£16.7 Role of GH, IGF-1, IGFBP-3 in Percutaneous liver
[17] p NAFLD 35 females Fibrosis stage 2-3: NAFLD development biops;
g P psy
554 +17.5
Garcia- 36 morbidly obese Association between the
. . patients (13 with . B B serological levels of TNF-«, IL-6, Liver biopsy during
Gazl(l)az)x;o[le gla]" s Spain probable NASH and 12 healthy subjects and IGF-1 with steatosis and surgery
9 with NASH) NASH
160 patients Normal histology:
scheduled for S 85'947i81:3t'211 1 P ial endocrine basis of
Koehler et al., cs USA bariatric surgery 24 males NASH . dFs O 1 oter}11t1a en 0c1"u}11e da51s o d Liver bi
2012 [19] (72 with NASH and - 136 females 4 Zn 10 - steatoﬁ]e;pat'ltl's WI\th A;L]\Sance 1ver biopsy
72 with simple 6.4+ Tosis m
teatosis) NASH and FS >2:
steatosis 50.7 + 10.7
- Effect of GH and IGF-1 5 GH-deficient rats
Nishizawa et al., ) : : } . . - (S.D.R) and
, VIVO Japan administration on the liver of
2012 [4] - 5 age-matched rats as
GH-deficient rats
control.
Takahashi, 2012 [20] R Japan - - - - Role of GH ?.nd IGF-1in the -
iver
Normal histology: .
Nishizawa et al., cs Japan 66 patients with 1994 healthy subiect 32 males 44.8 +16.0 Pregalﬁr;ce of I:ililiiD/Nﬁ SnI;I m Ultrasonography
2012 [21] apa GHD. calthy subjects 34 females NAFLD: 48.1 + 18.0 adu ypoft’h lélelDy patients and liver biopsy
NASH: 44.6 + 6.4 w
. . . Correlate circulating levels of
Cianfarani et al., 99 obese children 57 males R . .
2014 [22] CS Italy (14 with NASH) - 42 females 8.73 £1.98 IGF-1, IGFZNanI_IIGFBPL’v with Liver biopsy
Correlation between
Xan;gﬂ(?;;]t al, R USA - - - - abnormalities in GH axis and -
N NASH
Sumida et al 199 Japanese 92 males Correlation between levels of
2015 [24] " CS Japan patients with 2911 healthy people 107 femal NAFLD: 59 + 10 IGF-1 SDS and histological Liver biopsy
NAFLD emates severity of NAFLD
Hosui et al., VIV Japan R ~ B _ Role of STATS in hepatic lipid R STAT5KO mice and their
2016 [25] P metabolism littermates as controls.
NASH model,
methionine-choline-
Nishizawa et al,, Effect of IGF-1 on NASH and deficient diet-fed db/db
v Japan - - - - cirrhotic models and the - . . .
mice, and cirrhotic model,

2016 [26)

underlying mechanisms

dimethylnitrosamine-
treated mice
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Table 1. Cont.
Study N° of Patients with o . Mean Population Age . Method of
Study/Year Design Country NAFLD/NASH N° of Controls M/F Ratio (SD) Research Question Diagnosis Comment
Takahashi, 2017 [2] R Japan - - - - Role of GH ?.nd IGF-1in the -
iver
121 pati ith 1 Normal histology: Clarify the relationship b
Dichtel et al. patients (80 wit ) 66 males 50 + 10 arify the relationship between ) )
’ cs USA NASH and 41 with 21 subjects 76 postmenopausal . the histological severity of Liver biopsy
2017 [11] simple steatosis) females 55.:55 %8 NAFLD and serum IGF-1 levels
P NASH: 50 + 11
3 groups (n =5 each) of
. 8-week-old mice:
Fukunaga et al., VIV Japan R ~ B B Detiﬁg‘éﬂe iffids iOntiCI;IF-l R (1) control with high-fat
2018 [27] apa ° G d f.e. p tess.o diet (HED.) (2) HED. +
ehcentmice PEG. 3)HED. +
PE.G. + IGF-1
29 obese patients . . .
Rufinatscha et al., cs Austri (15 with NASH and ~ Ferrllatlie n 55.:37.8+11.8 Eglﬁ Orfnhip ];i nﬁ GHn51gnahr?g Liver bi
2018 [28] ustria 14 with simple popuiauo NASH: 45.1 + 8.9 and 1ts metabolic consequences €r b1opsy
. exclusively in patients with NAFLD
steatosis)
. . . . . Evaluate hormones levels in
Polyzos et al., 31 patients (16 with 50 subjects (24 lean 19 males Normal histology: histologically confirmed NASH . .
2020 [29] Ccs Greece NASH and 15 with controls and 62 females 56.6 £12.5 atients versus S.S. patients Liver biopsy
simple steatosis) 26 obese controls) NASH: 56.6 + 7.1 p > P
versus controls
Clarify the relationships
. . between hepatic expression of
Star\zl;%rl"lili)eit al, RCT USA gijlﬂgegﬁc‘/‘;ﬁ;g i}g - Predominantly male 53+7 IGE-1 and IGFBPs and evaluate Liver biopsy
g P the effect of GHRH therapy in
adults with NAFLD
Mice with adult-onset,
hepatocyte-specific GHR
Sarmento- knock-down
Cabral etal,, VIVO USA B ~ B B Tesft Ithe IGF-l-uécﬁII:){er}denf role ~ (gI}-lIepGHde) treatgd
2021 [31] of hepatocyte signaling with a vector expressing
. rat IGF-1 targeted
specifically to
hepatocytes
Roles of GH and IGF-1 in the
. liver and their potential
Dichtel et al, R USA - - - - application for the treatment of -

2022 [32]

NASH
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Table 1. Cont.

Study N° of Patients with o . Mean Population Age . Method of
Study/Year Design Country NAFLD/NASH N° of Controls M/F Ratio (+SD) Research Question Diagnosis Comment
318 patients for the Normal histology:

Osganian et al gene expression cohort 41.6 +£11.5 IGF-1 receptor and GH receptor

82022 133] M * USA and 30 for the - - S5.S.:452 4+ 117 physiology in patients with Liver biopsy

i immunohistochemistry NASH F0: 43.9 £ 12.2 NAFLD and NASH
cohort NASH F1-F4: 45.1 +12.9
Pathophysiologic mechanisms

Doycheva et al of GH in NAFLD, NAFLD

2022 [34] R USA - - - - association with AGHD, and -

effect of GH treatment in
patients with NAFLD

CS: cross-sectional study; IVIV: in vitro and in vivo study; VIVO: in vivo study; R: review; RCT: randomized controlled trial; *: analysis of data from a NAFLD repository; AGHD: adult
growth hormone deficiency; GH: growth hormone; GHD: growth hormone deficiency; GHR: growth hormone receptor; GHRH: growth hormone releasing hormone; IGF-1: insulin
growth factor 1; IGF-1 SDS: insulin growth factor 1 standard deviation score; IGFBP: insulin growth factor binding proteins; NAFLD: non-alcoholic liver disease; NASH: non-alcoholic
steatohepatitis; P.E.G.: PolyEthylene Glycol; S.D.R.: spontaneous dwarf rat; S.S: simple steatosis; TNF-«: tumor necrosis factor .
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3.2. In Vitro and In Vivo Studies (Table 2)

Fukunaga et al. described the deposition of cholesterol in hepatic tissue as a possible
contribution of IGF-1 in the development of NASH [27]. This build-up depends on ABCA1
(ATP-binding cassette transporter A), a crucial regulator of reverse cholesterol transport [35].
In the study, it was seen that IGF-1 increases the expression of ABCA1 in human hepatic
cells via the Phosphoinositide 3 kinase (PI3K)/ Akt signaling pathway. IGF-1 administration
increased ABCA1 mRNA levels in hepatic cells 3 folds compared to those in the controls
(p < 0.05), and IGF-1 receptor blockade was found to cancel the stimulatory effect of IGF-1
on ABCAL1 protein expression [27]. ABCA1 activity decreased in mice after administration
of PolyEthylene Glycol (PEG), a GH receptor inhibitor. IGF-1 treatment in the PEG group
considerably improved the expression and the mRNA levels of ABCA1 compared to that in
the PEG without the IGF-1 group (p < 0.05). Administration of IGF-1 also increased HDL-
cholesterol levels (by approximately 10%) and decreased AST, ALT, and TG serum levels
(around 40%, 50%, and 50%, respectively) compared with those in the PEG group mice.
Moreover, histological analysis revealed an improvement in hepatic fatty acid accumulation
in the PEG group after IGF-1 treatment [27].

Nishizawa et al. analyzed the GH/IGF-1 axis’s role in the liver using GH-deficient
rat models [4]. Serum analysis in the GH-deficient mice showed increased ALT and AST
levels compared with those in the controls (mean ALT 30 IU/L vs. 12 IU/L, p < 0.01; mean
AST 250 IU/L vs. 100 IU/L, p < 0,05). Histological analysis of the liver in the study group
mice revealed increased TG content (9 mg/g vs. Img/g; p < 0.001) and relative fibrotic
areas assessed by Masson-trichrome staining compared with those in the controls (1 vs.
3.5; p < 0.05). After the administration of GH, these abnormalities in the GH-deficient mice
were reversed. Notably, the same effect was achieved after the administration of IGF-1 [4].

Nishizawa et al. also assessed the molecular mechanisms of the actions of GH and
IGF-1. Quantitative real-time PCR was used to quantify the expression of three enzymes in
hepatic cells: glycerol-3-phosphate acyltransferase (GPAT), glyceraldehyde-3-phosphate
dehydrogenase (G3PD), and carnitine palmitoyltransferase-I (CPT-1). Relative mRNA
levels of these enzymes in GH-deficient mice were significantly different compared with
those in the controls (approximately GPAT was 5.5-times higher, G3PD was 3.5-times
higher, and CPT-1 was 4-times lower; p < 0.01). Quantitative analysis also showed that
the mitochondrial area in GH-deficient mice was significantly decreased compared with
those in the controls (estimated 50% reduction; p < 0.05). Consequently, GH-deficient mice
showed a significant increase in oxidative stress (p < 0.05). All these conditions were also
reversed with the administration of GH or IGF-1 [4].

Sarmento-Cabral et al. conducted a similar study on GHR knock-down (aHepGHRkd)
mice before and after the administration of IGF-1. Before or after IGF-1 administration,
GHR knock-down male mice demonstrated higher liver injury marker levels than the
those in the controls (p < 0.05). Evaluation of aHepGHRkd mice also showed increased
TG levels, hepatic fatty acids, and de novo lipogenesis (DNL) compared with those in the
controls. Surprisingly, even though reconstitution of IGF-1 in male GHR knock-down mice
significantly improved metabolic function compared to that in the controls (p < 0.05), it
did not affect circulating or hepatic TG levels, de novo lipogenesis (DNL), ALT levels, the
degree of steatosis, ballooning, or the number of inflammatory foci [31].

Hosui et al. analyzed the role of signal transducer and activator of transcription 5
(STATS5) in hepatic lipid metabolism. GH binds to its receptor (GHR), which activates JAK2,
which in turn phosphorylates STAT5 [36] (p. 5). Phosphorylated STATS5 translocates to the
nucleus, binds to GAS motifs, and induces IGF-1 gene expression [37,38]. STATS5 action on
the lipid metabolism is partially mediated by CD36, a transporter of FFA that has a pivotal
role in NAFLD due to the enhancement of FFA uptake and liver steatosis [39] (p. 36). The
correlation between STAT5 and CD36 was investigated through STAT5 knock-out mice
(STAT5KO). Microarray analysis of liver tissue in STAT5KO mice revealed an increased
expression of CD36. The qPCR analysis confirmed that CD36 expression was elevated
more than 16-fold in STAT5KO mice compared with those in wild-type (WT) ones. In
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addition, western blot analysis revealed that CD36 protein expression levels were elevated
in STAT5KO mice compared to those in the control mice [25]. Without hepatic STATS,
CD36 gene expression increased, resulting in augmented lipogenesis, fatty acid uptake,
and steatosis.

In another study, Nishizawa et al. demonstrated the therapeutic effect of IGF-1 with
NASH murine models. A comparison was made between NASH mice treated with and
without 1 month of IGF-1. Administration of IGF-1 resulted in significantly decreased
concentrations of IL-6 and fibrotic markers (relative mRNA levels of IL-6 decreased by 75%,
p < 0.04; relative fibrotic area reduced by 70%, p < 0.01). Histological analysis showed a
reduction in the number of cells with ballooning necrosis and in the tissue triglyceride
content in mice treated with IGF-1 (ballooning necrosis cell number/HPF reduced by
circa 50%, p < 0.03; tissue triglyceride reduced approximately by 20%, p < 0.05) [26].
Mitochondrial impairment and activated fibrotic factors of hepatic stellate cells (HSCs) also
dramatically improved after the administration of IGF-1. The role of IGF-1 in reducing
the release of HSC fibrotic factors was found to depend on p53. Indeed, HSCs lacking p53
continued to proliferate, propagating fibrosis despite IGF-1 administration [26].

Table 2. Main findings of in vivo and in vitro studies.

Study/Year

Techniques for A
of Results

nalysis Main Findings p-Value

Nishizawa et al.,
2012 [21]

1 Liver triglyceride content (9 mg/g vs. Img/g)

Histological and
biochemical analysis
RT-PCR
Immunochemical analysis

1 Serum AST and ALT, steatosis, and hepatic cell injury in GH-deficient rat (SDR)
(mean ALT 30 IU/L vs. 12 IU/L; mean AST 250 IU/L vs. 100 IU/L)
| CPT-1, 1 expression of enzymes for triglyceride synthesis
1 Oxidative stress markers in SDR compared with those in the control
GH and/or IGF-I administration improved all these changes

Liver triglyceride content:
p <0.001
Serum AST: p <0.05
Serum ALT: p <0.01

| Tissue triglyceride content, | cells showing ballooning necrosis, | fibrosis in cells
in mice NASH model treated by IGF-1(ballooning necrosis cell number/HPF

Ballooning necrosis: cell

. . . . . . . . number p < 0.03
s b Histological analysis reduced by circa 50%; tissue triglyceride reduced approximately by 20%) ] . .
NISIZIBZIZ“[’; 6e]t al, Immunoblotting IGF-1-induced cellular senescence of HSCs Tissue trlgl);cgr&;le content
pPCR IGF-1 treatment in the NASH mouse model induced a decrease in the expression of Ex resz ion 'Of MRNA
activated markers for HSCs (relative mRNA «SMA reduced by approximately 60%) I:;(SM A p < 0.04
p53 is necessary for the IGF-I-induced senescence in HSCs Pt
RT-PCR 1 CD36 in STAT5KO mice compared to those in control mice (more than 16-fold)
Hosui et al Western blot In STAT5KO mice, CD36 gene expression is increased resulting in increased
2016 [25] M Immunchistochemistr lipogenesis, fatty acid uptake, and steatosis.
N and immunoblottin y Improvement of abnormal lipid accumulation in STAT5/CD36 double KO mice
& compared to those in STAT5KO mice
IGF-1 increased ABCA1 mRNA expression 3 folds compared to those in the
controls .
Fukunaga et al., WRT_PCEI ABCAT1 activity decreased in mice after administration of PolyEthylene Glycol AB(C:}/? Txpresilon p< 9'05
2018 [27] Immestem 20t (PEG), a GH receptor inhibitor. olesterol content
mmunohistochemistry J Cholesterol content in HepG2 cells treated by IGF-1 as compared to those in the p<b
control
1 TG levels, hepatic fatty acids, and de novo lipogenesis in GHR knock-down mice
Sarmento- Blood and hepatic lipid I in whole-bod c?m'l:c)lare(':ldW{th ccfmtrols d insulin levels i 1
Cabral et al., analysis mprovement in whole-body lipid oxi Ztlop,h ;Iié r}?ass, and insulin levels in male
2021 [31] Histological analysis mice treated wit 1.

TALT levels, fsteatosis, and hepatocyte ballooning (markers of liver injury) in
GHR knock-down mice even after IGF-1 administration

ABCAL1, ATP binding cassette subfamily A member 1; ALT, alanine aminotransferase; AST, aspartate aminotrans-
ferase; xSMA, alpha smooth muscle actin; BMI, body mass index; CPT1A, carnitine palmitoyltransferase 1A; GH,
growth hormone; GHRH, growth hormone releasing hormone; HPF, hepatic plasma flow; HSCs, hepatic stellate
cells; IGF-1, insulin-like growth factor-1; IGFBP, insulin-like growth factor-binding protein; NASH, Non-alcoholic
steatohepatitis; PEG, PolyEthylene Glycol; STAT5KO, STATS5 knock-out mice; TG, triglyceride.

3.3. Human Studies (Table 3)

Osganian et al. analyzed the expressions of IGF-1, IGF-1R, and GH in NAFLD pa-
tients by employing Gene Expression Analysis (GEA) and Immunohistochemistry (IHC)
assay [33]. IGF-1 gene expression decreased with increasing severity of NAFLD compared
with those in controls for BMI and age (p < 0.05 in each stage of progression). IGF-1R gene
and growth hormone receptor (GHR) expressions did not differ in severity in NAFLD
patients [33].
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Stanley et al. conducted a randomized, double-blinded, placebo-controlled trial that
evaluated the effect of 12 months of therapy with growth hormone-releasing hormone
(GHRH) analog (tesamorelin) in 61 patients affected by HIV and NAFLD. At the baseline,
IGF mRNA levels were inversely related to the grade of NAFLD Activity Score (NAS)
(r=—0.33, p = 0.04) [30]. IGF-1 bioavailability depends on IGF-1 binding proteins (IGFBPs),
which bind IGFs with high affinity and modulate their actions [40]. Analyses of these
proteins showed a negative correlation between IGFBP2, IGFBP4, and steatosis grade
(r=-0.49,p<0.02;r=—-0.12, p < 0.02), while IGFBP6 and IGFBP7 were positively associ-
ated with steatosis (r = 0.25, p < 0.005; r = 0.35, p < 0.0001). Moreover, IGFBP6 and IGFBP7
had a strong positive relationship with NAS (r = 0.47, p < 0.004; r = 0.83, p < 0.0001), fibrosis
stages (r = 0.15, p< 0.04; r = 0.25, p < 0.0001), and liver enzymes (ALT-IGFBP6 r = 0.34,
p > 0.04; ALT-IGFBP7 r = 0.60, p > 0.0001; AST-IGFBP6 r = 0.33, p > 0.05; AST-IGFBP7
r = 0.64, p < 0.0001) [30]. After the treatment with tesamorelin, there were increased serum
levels of IGF-1 that were associated with variations in plasma in IGFBP-1 (r = 0.31, p = 0.04),
IGFBP-2 (r = —0.35, p = 0.02), and IGFBP-3 (r = 0.35, p = 0.02). IGFBP7 blood levels were
not influenced by tesamorelin administration. Reduction of IGFBP2 was associated with a
lower NAS score (r = 0.35, p = 0.02) and hepatocellular ballooning grade (r = 0.37, p = 0.02),
but not with changes in the lobular inflammation grade (r = 0.17, p = 0.28) or steatosis grade
(r=0.17, p = 0.28) [30]. There were no significant associations between changes in IGFBP1,
IGFBP3, or IGFBP6 and modifications in the steatosis grade or NAS.

Polyzos et al. investigated IGF-1 activity in 81 patients from Greece to evaluate its
correlation with NAFLD and NASH [29]. Among the participants, 15 had biopsy-proven
NAFLD and 16 had biopsy-proven NASH. These patients were compared with 50 controls
(24 normal weight and 26 obese). The IGF-1 to IGFBP-3 ratio is an established marker of
IGF-1 bioavailability since the main portion of serum IGF-I is bound to IGFBP-3, a growth
hormone-dependent storage protein that lowers IGF-1 bioactivity [41]. In the studied
population, the total IGF-1/intact IGFBP-3 ratio remained significantly lower in individuals
with fibrosis than in controls with milder or no histologic lesions in the liver (p = 0.04).
Nevertheless, after performing a binary logistic regression, the IGF-1/intact IGFBP-3 ratio
did not remain robustly associated with NASH or liver fibrosis (p = 0.06 unadjusted and
p = 0.08 after adjusting for BMI and age) [29].

In a cohort studied by Nishizawa et al., 66 Japanese subjects with adult growth
hormone deficiency (AGHD) were compared with healthy age-, gender-, and BMI-matched
individuals [21]. The prevalence of NAFLD in hypopituitary patients with AGHD was
significantly higher than in controls (77% vs. 12%, p < 0.001). Among the 66 AGHD patients,
16 were treated with GH replacement therapy. Six months after GH replacement therapy,
serum liver enzyme concentrations were significantly decreased (ALT: p < 0.001; AST:
p <0.005 and y-GTP: p < 0.05). Histological analysis showed improved steatosis (p = 0.04)
and fibrosis (p = 0.04). Moreover, GH replacement therapy was related to the biochemical
improvement of C-reactive protein (CRP) (from 0.6 mg/dL to 0.2 mg/dL in 6 months),
hyaluronic acid (from 40 mg/dL to 20 mg/dL in 12 months; p < 0.05), and Type IV collagen
(from approximately 4.5 mg/dL to approximately 3 mg/dL in 12 months, p < 0.001).

Koehler et al. presented similar results in 160 patients with obesity class III
(BMI > 40 kg/m?), wherein liver biopsies and fasting blood samples were collected. In-
dependent from the fibrosis stage (FS), all NASH patients showed reduced GH levels
compared to those in the controls (NASH with FS 0-1 patient had a median GH level of
0.10 ng/mL; NASH with FS > 2 patient had a median GH level of 0.14 ng/mL; the control
group had a median GH level of 0.45 ng/mL; p < 0.001). All patients with FS > 2 had GH
levels within the criteria for adult GH deficiency (<45 ng/mL) [19].

Ichikawa et al. investigated the relationship between hepatic fibrosis and serum
levels of IGF-1, IGFBP-3, and GH in 55 patients (20 males and 35 females) with NAFLD.
Patients were categorized based on the presence and type of fibrosis: pericellular fibrosis,
portal fibrosis, bridging fibrosis, and ballooning. Univariate and multivariate analyses
of the risk factors for advanced stages of NAFLD demonstrated a significant association
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between reduced IGF-1 levels and stages 2-3 of NAFLD (univariate RR = 4.643, p = 0.016;
multivariate RR = 4.568, p = 0.0363). Hyaluronic acid was evaluated as a marker of hepatic
fibrosis [42]. There was no correlation between GH levels and hyaluronic acid. However,
IGF-1 and IGFBP-3 levels correlated negatively with the hyaluronic acid levels (r = —0.427,
p=0.004; r =-0.352, p = 0.02).

In the same study, an evaluation of fibrosis using Brunt’s classification was performed.
No differences in serum IGF-1 levels were found comparing patients with hepatic pericel-
lular fibrosis and bridging fibrosis and patients without these modifications. On the other
hand, serum IGF-1 levels were significantly lower in patients with portal fibrosis (stages
1-3) than in those without it (p < 0.03). Patients with ballooning had lower levels of IGF-1
when compared to patients without this characteristic, even though this result was not
statistically significant (p = 0.08). The IGF-1/IGFBP-3 ratio tended to decrease in subjects
with portal fibrosis, but no statistical significance was found (p = 0.08).

Ichikawa et al. also found in univariate and multivariate analyses a significant cor-
relation between GH levels and steatosis grade 2-3 evaluated with Brunt’s classification
(univariate RR = 0.196, p = 0.0269; multivariate RR = 0.199, p = 0.0414). The GH/IGF-1 ratio
assessment revealed a significant reduction in patients with steatosis grade 2-3 compared
with those with steatosis grade 1 (p < 0.001). Among the different grades of steatosis, the
IGF-1/IGFBP-3 ratio did not show any statistical difference [17].

Sumida et al. observed similar results evaluating 199 Japanese patients with biopsy-
confirmed NAFLD [24]. The study group included 107 (54%) females and 130 (65%)
patients with NASH. NAFLD patients demonstrated significantly lower serum levels of
IGF-1 (mean value 112 ng/mL) compared to those in 2911 sex- and age-matched healthy
people (mean value 121 ng/mL, p < 0.0001). NASH patients exhibited lower serum levels of
IGF-1 (104 ng/mL) compared to those in the NAFLD patients without NASH (123 ng/mL,
p < 0.002). Evaluation of histological factors and IGF-1 levels showed that the levels of
IGF-1 increased significantly with the steatosis grade (r = 0.262, p < 0.001), while decreasing
significantly with increasing lobular inflammation (r = —0.134, p < 0.001) and fibrosis
(r =0.362, p < 0.001). The analyses of patients with advanced fibrosis demonstrated a
lower level of IGF-1 than in controls without it (80 ng/mL vs. 118 ng/mL, p < 0.001).
The relationship between liver histological modifications and the levels of IGF-1 standard
deviation score (SDS) was also investigated in the same study. The levels of IGF-1 SDS
decreased significantly with increasing lobular inflammation (r = —0.272, p < 0.001) and
fibrosis (r = —0.254, p < 0.001). No relationship was found between the levels of IGF-1
SDS and the steatosis grade. IGF-1 SDS levels were significantly lower in patients with
advanced fibrosis than in those without it (—1.50 vs. —0.45; p < 0.001). Logistic regression
analysis demonstrated that IGF-1 SDS was independently associated with advanced NASH
(OR =0.429, p < 0.0001) [24].

Rufinatscha et al. evaluated 29 obese women undergoing bariatric surgery (14 women
with simple steatosis and 15 females with NASH matched for BMI and age) by performing
liver biopsy to investigate hepatic growth hormone metabolism in patients with NASH.
An evaluation of hepatic GHR and IGF-1 mRNA levels was performed. GHR mRNA levels
were comparable in patients with NASH and simple steatosis. At the same time, IGF-1
mRNA was significantly reduced in patients with NASH compared to those in patients with
simple steatosis (approximative reduction of 66%, p < 0.05). Among the 15 NASH patients,
IGF-1 expression was characterized by an inverse relation to the grade of inflammation,
but no statistical significance was found (p = 0.25) [28].

Dichtel et al. selected 142 human patients (46% males and 54% postmenopausal
females) to assess the histological severity of NAFLD and serum IGF-1 levels. Patients
with lobular inflammation and hepatocyte ballooning showed lower mean serum IGF-
1 levels compared to those in patients without these abnormalities (112 £ 47 ng/mL
vs. 136 + 57 ng/mL, p = 0.01; 115 £ 48 ng/mL vs. 135 + 57 ng/mL, p = 0.05, respec-
tively). A higher fibrosis stage was related to lower mean serum IGF-1 levels (stage 2—4
96 £ 40 ng/mL vs. stage 0-1 125 4= 51 ng/mL, p = 0.005). No significant correlation was
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found between steatosis and mean serum IGF-1 levels (steatosis absent 133 = 56 ng/mL
vs. steatosis present 118 £ 54 ng/mL, p = NS). Subset analysis of patients presenting
with NASH demonstrated lower mean serum IGF-1 levels than in those without NASH
(115 £ 8 ng vs. 137 £ 8 ng, p = 0.02) [11].

Garcia-Galiano et al. found comparable results by analyzing 36 patients with mor-
bid obesity (29 females and 7 males). This population was stratified according to NAS
score in three groups: non-NASH (score 0-2, 14 patients), probably-NASH (score 34,
13 patients), and NASH (score 5-8, 9 patients). IGF-1 level assessment showed that
patients with NASH had a lower IGF-1 blood level than the non- or probably-NASH
patient groups (101 ng/mL vs. 157 ng/mL, p < 0.006). Univariate binary logistic regres-
sion showed a significant correlation between lower IGF-1 levels and the presence of
NAS > 4 (NASH). For IGF-1 <110 ng/mL, the area below the ROC curve was found to
be 0.80, while sensitivity and specificity were 0.81 and 0.67, respectively. Moreover, the
univariate binary logistic analysis revealed a negative statistically significant relationship
between IGF-1 levels and the presence of severe steatosis. For steatosis, it was seen that
for IGF-1 <130 ng/mL, the area below the ROC curve was found to be 0.75, while sen-
sitivity and specificity were 0.68 and 0.79, respectively. Multivariate logistic regression
analysis found IGF-1 < 130 ng/mL as an independent predictor of the degree of steato-
sis (OR = 0.015, p < 0.01) and IGF-1 < 110 ng/mL as an independent predictor of NASH
(OR =0.096, p < 0.02) [18].

Cianfarani et al. found that younger patients showed partially different results than
adults. Data obtained from 99 obese children showed no correlation between IGF-1 levels
and fibrosis [22]. IGF-1 SDS levels were inversely related to the grade of liver inflammation
(r = —0.24, p < 0.02), steatosis (r = —0.37, p < 0.002), ballooning (r = —0.47, p < 0.001),
and NAS (r = —0.49, p < 0.001). Similar results were found by analyzing the relationship
between the IGF-1/1GFBP-3 ratio and liver inflammation (r = —0.32, p = 0.002), ballooning
(r=—0.35,p=0.001), and NAS (r = —0.37, p < 0.0001). Stepwise regression analysis showed
that IGF-1 was the major and only significant predictor of both NAS (3 = —0.457; p < 0.0001)
and ballooning (3 = —0.463; p < 0.0001; adjusted R2 = 0.20). Moreover, according to stepwise
regression analysis, IGF-1/IGFBP-3 ratio was a significant predictor of liver inflammation
(B = —0.285; p = 0.005). In the study population, patients with NASH were compared with
patients without it. Children with NASH showed significantly lower levels of IGF-1 SDS
(—=1.3 vs. 1.0, p < 0.05) and IGF-1/IGFBP-3 ratio (0.086 vs. 0.14, p < 0.02) and higher grades
of steatosis (2.64 vs. 1.84, p < 0.001), lobular inflammation (1.64 vs. 1.14, p = 0.002), and
ballooning (1.79 vs. 0.44, p < 0.001).

Table 3. Main findings of human studies.

Study/Year

Techniques for

Analysis of Results

Main Findings p-Value

Ichikawa et al.,
2007 [17]

Clinical, laboratory
and liver histology

J level of GH is associated with

steatosis grade 2-3 (univariate RR= 0.196; multivariate RR = 0.199)
1 level of IGF-1 is associated with fibrosis
GH/IGF-1 ratio is significantly lower in patients with steatosis grade 2-3 compared to

Level of GH is associated
with steatosis grade
2-3 univariate: p = 0.0269

data those with grade 1 multivariate; p = 0.0414
No significant difference in GH/IGF-1 ratio among different grades of steatosis GH/IGF-1 ratio (p < 0.001)
1 IGF-1 levels in patients with severe steatosis compared to those in healthy subjects
and morbidly obese patients
J Concentration of IGF-1 in blood as compared to those in non-NASH and
. . probable-NASH group -~ _
Gal(i;a;r(?:t al bioclfel II;I;CC:II’ and Levels of IGF-1 <130 ng/mL as well as IGF-1 < 110 ng/mL are identified as Iggnlcéi‘t/re;iig; _O?I(glé)
2007 [18] i histologic cll " independent predictors of hepatic steatosis and degree of NASH, respectively ( = 0.006)
¢ ologic data For IGF-1 < 130 ng/mL, the area below the ROC curve was found to be 0.75, while p =0
sensitivity and specificity were 0.68 and 0.79, respectively.
For IGF-1 < 110 ng/mL, the area below the ROC curve was found to be 0.80, while
sensitivity and specificity were 0.81 and 0.67, respectively.
| GH levels in NASH patients compared to those in controls (NASH with FS
. . 0-1 patients had a median GH level of 0.10 ng/mL; NASH with FS > 2 patients had a . .
Koehler et al., Biochemical and X . . GH level in patients and
2012 [19] histologic data median GH level of 0.14 ng/mL; the controls group had a median GH level of control: p < 0.001 p < 0.001

0.45 ng/mL)

A normal GH level essentially excluded the presence of NASH with advanced fibrosis.




Cells 2023,12, 517

13 of 22

Table 3. Cont.

Study/Year

Techniques for
Analysis of Results

Main Findings

p-Value

Nishizawa et al.,
2012 [21]

Biochemical and
histologic data

High prevalence of NAFLD among adult hypopituitary patients with GHD as
compared to that in the control group (77% vs. 12%)
|} Fibrotic marker concentrations, (p = 0.04)
Improvement of histological changes in patients with NASH after GH replacement
therapy)
Six months after GH replacement therapy, serum liver enzyme concentrations were
significantly decreased.

Prevalence of NAFLD: p < 0.001
Fibrotic marker concentrations:
(p =0.04)

ALT: p <0.001; AST: p < 0.005
and y-GTP: p < 0.05

Cianfarani et al.,
2014 [22]

Biochemical and
histologic data

IGF-1 SDS levels were inversely related to the steatosis grade (r = —0.37),
ballooning (r = —0.47), and NAS (r = —0.49).

IGF-1/IGFBP-3 ratio was a significant predictor of liver inflammation (3 = —0.285).

1 levels of IGF-1 SDS and IGF-1/IGFBP-3 ratio in children with NASH and higher
grades of steatosis

Steatosis grade: p < 0.002
Ballooning: p < 0.001
NAS: p <0.001
IGF-1/IGFBP-3 ratio: p = 0.005
Levels of IGF-1 SDS: (p < 0.05)
IGF-1/IGFBP-3 ratio: (p < 0.02)

Sumida et al.,

Clinical and

Negative relationship between IGF-1 SDS and the activity of lobular inflammation
(r = —0.134) and fibrosis (r = —0.362, p < 0.001);

IGF-1 SDS: p < 0.001

2015241 histological data No relationship between the IGF-1:SDS and steatosis grade was detected Fibrosis: p < 0.001
J Serum IGF-1 levels associated with lobular inflammation and hepatocyte Serum IGF-1 levels associated
ballooning (112 + 47 ng/mL vs. 136 + 57 ng/mL; 115 = 48 ng/mL vs. ith lobular mflammeion
Dichtel et al., Biochemical and 135 £ 57 ng/mL respectively) w ( _00"6; he aatoc ateo
2017 [11] histologic data Subset analysis of patients presenting NASH demonstrated lower mean serum lfal_lot;nh\/ (p -0 55)
IGF-1 levels compared to the respective negative controls (115 + 8 ng vs. S IGE-1 ‘(lg’ P 1__ = 0.02
137 + 8 ng) erum IGF-1 levels: p = 0.
J IGF-1 mRNA in patients with NASH when compared to patients with simple
X . . steatosis (approximative reduction of 66%).
Rufinatscha et al., Biochemical and . N . . IGF-1 mRNA: p < 0.05
2018 [25] histologic data Among the 15 NASH patients, IGF-1 expression was characterized by an inverse IGF-1 expression: p = 0.25

relation to the grade of inflammation, but no statistical significance was found.
GHR mRNA levels were comparable in patients with NASH and simple steatosis

Polyzos et al.,

Biochemical and

1 IGF-1/intact IGFBP-3 ratio in NASH patients with fibrosis as compared to in
controls with milder or no histologic lesions in the liver
After performing a binary logistic regression, the IGF-1/intact IGFBP-3 ratio did

IGF-1/intact IGFBP-3 ratio:
p=0.04
IGF-1/intact IGFBP-3 after
performing a binary logistic

2020[29] clinical measurements not remain robustly associated with NASH or liver fibrosis (unadjusted and after regression (p = 0.06 unadjusted
adjusting for BMI and age) and p = 0.08 after adjusting for
BMI and age)

| Hepatic IGF-1 expression in individuals with higher grades of steatosis and IGFBP2 and IGFBP4: p <0.02,
higher NAS scores. IGFBP6 and I<Gg§12°7- <0.005
JIGFBP2 and IGFBP4 (r = —0.49; r = —0.12) and 1 IGFBP6 and IGFBP7 (r = 0.25; an <0.0001 p < B0

Stanlev et al Analysis of data from r = 0.35) with increasing steatosis IGFBP2 vf a aésociate d with

M v a randomized clinical Reduction of IGFBP2 after tesamorelin was associated with lower NAS score s X
2021 [30] lower NAS score: (p = 0.02),

trial of GHRH.

(r = 0.35) and hepatocellular ballooning grade (r = 0.37), but not with changes in
lobular inflammation grade (r = 0.17)
GHRH increased circulating IGFBP-1 and IGFBP-3 but decreased IGFBP-2 and
IGFBP-6

hepatocellular ballooning
grade (p = 0.02), but not with
changes in lobular
inflammation grade (p = 0.28)

Osganian et al.,

Gene expression
analysis

No difference in IGF-1 receptor or GH receptor gene expression across worsening
stages of NAFLD/NASH compared to that in control
J IGF-1 gene expression across disease stages

2022 [33]

Immunohistochemistry No difference in GH receptor staining intensity by the severity of NAFLD

compared to that in the control group

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; FS, fibrosis score; y-GTP,
gamma-glutamyl transpeptidase; GHD, growth hormone deficiency; GH, growth hormone; GHRH, growth
hormone releasing hormone; IGF-1, insulin-like growth factor-1; IGFBP, insulin-like growth factor-binding protein;
NAS: nursing activities score; NASH, non-alcoholic steatohepatitis; ROC, receiver operating characteristic; RR,
relative risk; SDS, standard deviation score.

4. Discussion

To the best of our knowledge, this is the first systematic review studying the impact of
GH and IGF-1 in the development of NASH. Even though the included studies presented
different sample populations and methodologies, it could be inferred that the relative levels
of GH, IGF-1, and its derived factors could play a role in the development of NASH. Indeed,
low levels of GH and IGF-1 were generally associated with a higher degree of fibrosis,
steatosis, hepatic inflammation, and hepatocellular injury, the four main components
responsible for the progressive development of NASH from NAFLD [2,6] (Figure 3).
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Pathogenetic Mechanisms in the NASH onset
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Figure 3. Pathogenic mechanisms in the development of NASH. Environmental, genetic, and
metabolic factors are thought to be involved in the pathogenesis of NASH. Changes in the intestinal
microbiome result in increased serum FFA and proinflammatory cyto/chemokine levels, believed to
be the leading causes of progression to NASH. Activation of liver KCs results in the release of CCL2
TNFe, IL-1, IL-6, and other proinflammatory cytokines, leading to the recruitment of immune system
cells, hepatic stellate cell activation, and macrophage-mediated inflammation.

In different experimental and human studies, decreased levels of GH and IGF-1 were
associated with increased severity of NAFLD and steatosis. Stanley et al. showed a
negative correlation between the baseline IGF-1 mRNA and the severity of NAFLD in
subjects with HIV and hepatic steatosis [30]. Similar results were found by Cianfaraini
et al. in an obese pediatric population [22]. Ichikawa et al. and Osganian et al. also found a
significant correlation between low levels of GH and higher grades of steatosis in NAFLD
individuals [17,33]. Garcia-Galiano et al. created a diagnostic model in which IGF-1 levels
below 130 ng/mL could moderately predict the presence of steatosis [18]. These results can
be explained by GH and IGF-1 roles in lipid metabolism.

GH mainly regulates IGF-1 production, and both GH and IGF-1 have an anabolic
effect on metabolism. They promote lipolysis and FA oxidation and enhance LDL clearance
via the expression of hepatic LDL-R [20]. GH and IGF-1 can alter metabolism through the
regulation of the production and action of insulin. Hyperinsulinemia, hyperglycemia, and
hyperlipidemia are observed when circulating GH and IGF-1 levels decline, which may
explain their association with steatosis. Another explanation for this association could be
an increased expression of ABCA1, a cholesterol transporter in charge of reducing fatty
accumulation in the liver. Indeed, the administration of IGF-1 in rats increased 3 folds
ABCA1 mRNA compared to those in the controls (p < 0.05), which led to less hepatic fatty
accumulation [27].

Besides, GH has a strong lipolytic effect, preferentially on visceral adipose tissue, with
a lesser effect on subcutaneous adipose tissue. Thus, a relative reduction in GH function
could explain increased steatosis [24]. Furthermore, Hosui et al. showed that the absence
of hepatic STAT5 in the GH signaling pathway increased CD36 expression, resulting in
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increased lipogenesis, fatty acid uptake, and lipotoxicity [25]. As a consequence, lipotoxic
lipids induced endoplasmic reticulum (ER) stress, oxidative stress, and inflammasome
activation that lead to hepatic inflammation and fibrosis (Figure 4). In addition, it has been
suggested that GH may play a direct role in hepatic DNL since IGF-1 administration in
GHR knock-down mice showed no improvement in TG levels, DNL, or steatosis [2,31].
This has been proven in murine models in which a GHR-JAK2-STAT5 deficient pathway
induced a higher degree of steatosis, insulin resistance, and glucose intolerance [2,25]
(Figure 5).
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Figure 4. Effects of growth hormone deficiency on liver. Both hepatocyte lipotoxicity and immune-
mediated inflammation are considered pivotal events in the pathogenesis of NASH. Growth hormone
deficiency causes up-regulation of genes involved in de novo lipogenesis, such as CD36. Increased
hepatic CD36 expression leads to higher lipogenesis, increased triglycerides (Tg) accumulation, and
insulin resistance, favoring hepatic steatosis. Excess dietary fats and simple carbohydrate intake acti-
vate transcription factors that control de novo lipogenesis and mitochondrial function. Dysregulation
of Boxidation induces endoplasmic reticulum (ER) stress, oxidative stress, and inflammasome activa-
tion. These events collectively lead to hepatic inflammation and fibrosis. A decrease in insulin-like
growth factor-1 (IGF-1) results in insulin resistance and mitochondrial dysfunction that may further
contribute to the development of NASH. Moreover, decreased IGF-1 may promote hepatic fibrosis, as
IGF-1 directly inactivates hepatic stellate cells.
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Figure 5. GH leads to dimerization of its receptor (GHR), promoting phosphorylation of Janus
kinase (JAK) and consequent activation of STAT proteins. This event results in the dimerization and
translocation of STATs to the nucleus. In the nucleus, STAT proteins are capable of binding to the
IGF-1 promoter, initiating the transcription of this gene. In circulation, much of IGF-1 is bound by
IGF-binding proteins (IGFBPs). Among these, IGFBP-3 is the primary carrier of IGF-1 in plasma, and
it acts as a carrier protein and regulator of IGF-1 bioavailability.

Nevertheless, Sumida et al. did not find a significant association between IGF-1
SDS and the degree of steatosis. A plausible explanation for this discrepancy could be
the different ways of evaluating steatosis grade in distinct studies and the suboptimal
sensitivity of ultrasound when hepatic fat infiltration is low (between 20-30%) [11,24].
Another possible reason for the different results regarding the correlation between steatosis
and IGF-1 levels may be the application of IGF-1 SDS in Sumida et al.’s study. Indeed,
the relationship between IGF-1 and steatosis may become less evident when IGF-1 SDS
is applied [24,43]. Similarly, Dichtel et al. found no significant association between mean
serum IGF-1 levels and steatosis [11]. Nevertheless, in this study, patients with steatosis
still presented lower IGF-1 levels [11].

Apart from steatosis, different studies have associated the levels of IGF-1 and GH
with the development of fibrosis. In the study conducted by Koehler et al. in an obese
population, it was seen that adults with a fibrotic stage higher than 2 had GH levels within
the criteria for adult GH deficiency [19]. Dichtel et al. also claimed that higher fibrosis
stages were generally related to lower mean serum IGF-1 levels (stage 2—4 96 & 40 ng/mL
vs. stage 0-1 125 £+ 51 ng/mL, p = 0.005) [11]. Polyzos et al. mentioned that the total
IGF-1/intact IGFBP-3 ratio remained significantly lower in individuals with fibrosis than
in controls with milder or no histologic lesions in the liver (p = 0.04), which may indicate
the critical role IGF-1 plays in avoiding fibrosis [29]. The fibrotic liver stage also improved
with the reconstitution of both GH and IGF-1. GH therapy replacement has already shown
improvement in the levels of hepatic fibrosis, probably because of the reduction in the
levels of CRP and significant decrease in the total amount of hepatic hyaluronic acid and
Type IV collagen [21]. In murine models, it was also seen that the administration of IGF-1
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resulted in a significant reduction of fibrosis and of different fibrotic markers released by
HSCs [21].

Only the study conducted by Cianfarani et al. challenged these results mentioning that
no correlation was found between IGF-1 levels and hepatic fibrosis [22]. This assumption
might be understandable if we consider the sample population employed in the study,
which was composed of children with obesity. Generally, children suffering from NASH
present with a mild degree of fibrosis. Indeed, one study found that 95% of children with
NASH presented with a low fibrosis score between FO and F2 [22].

Chronic inflammation is a key aspect of the transition from NAFLD to NASH [6].
Several factors, such as diet, dysbiosis, or genetic factors, may be implicated in developing
an increased proinflammatory state. Evaluation of the hormone relationship in liver
inflammation demonstrated a crucial role of both GH and IGF-1 [19,22,27]. Indeed, patients
with NASH were associated with lower IGF-1 and GH blood levels compared with the
controls. In a subset analysis conducted on NASH patients, Rufinatscha et al. showed that
IGF-1 expression was characterized by an inverse relation to the grade of inflammation. Still,
no statistical significance was found due to the low sample size (p = 0.25) [28]. Moreover,
regression analysis confirmed that IGF-1 was the major and only significant predictor of
NAS and ballooning [18,22]. Furthermore, Garcia-Galiano et al. even developed a ROC
curve in which IGF-1 < 110 ng/mL could predict the diagnosis of NASH with an AUC of
0.80 and a sensitivity and specificity of 0.81 and 0.67, respectively. These pieces of evidence
suggest a possible use of IGF-1 as a non-invasive molecular marker for NASH. Currently,
the diagnosis of NASH is based on biopsy. Identifying non-invasive diagnostic molecular
markers would be fundamental for the early detection of patients that may progress to
more severe forms of non-alcoholic liver disease. Even though the ROC curve found by
Garcia-Galiano et al. is acceptable, the specificity is not very high. Marques et al. found
that by combining the IGF-1 levels with ferritin and INR, the AUROC in distinguishing
low /mild fibrosis reaches the outstanding level of 0.93 [44].

GH/IGF-1 axis dysregulation may contribute to the progression from NAFLD to
NASH. Inflammation is a key aspect of NASH, and IGF-1 is related to it with a bidirectional
relationship. Indeed, inflammatory cytokines such as interleukin (IL)-1, tumor necrosis
factor-o, and IL-6 can directly inhibit IGF-1 secretion from hepatocytes [45-47]. At the same
time, IGF-1 directly modulates the expression of acute-phase reactants such as C-reactive
protein (CRP) and fibrinogen. Moreover, the effect of IGF-1 on inflammation can also
be explained through its role in insulin modulation. IGF-1 improves insulin sensitivity
and reduces insulin resistance, a condition that precedes and contributes to adipose tissue
inflammation [48,49]. This way, IGF-1 contributes to reducing the proinflammatory state
produced by hyperinsulinemia. IGF-1’s role is also related to its effect on mitochondria. IGF-
1 significantly improves mitochondrial morphology and reduces oxidative stress. Reactive
oxygen species (ROS) are key signaling molecules stimulating inflammation by opening
inter-endothelial junctions that promote inflammatory cell migration across the endothelial
barrier [50]. IGF-1 action on the mitochondria reduces the production of ROS, and in this
way, it reduces the progression of inflammation.

Even though the decline in GH and IGF-1 may play a potential role in the devel-
opment of NASH, these hormones might also be used to design future therapeutical
approaches [21,31]. That finding could enormously help physicians in treating this con-
dition since there are no current licensed therapies for this pathology despite its high
incidence. In a study on GH-deficient rats, IGF-1 and GH administration prevented mito-
chondrial alterations, TG accumulation, and fibrosis [21,26]. IGF-1 treatment significantly
reduced inflammation, necrosis, and fibrosis markers (IL-6 concentration, the number of
cells presenting ballooning necrosis, and HSC activation). However, in the same mice
models, the steatosis grade was not reduced after 2 weeks of IGF-1 infusion. These results
demonstrated the primary roles of IGF-1 and GH in different aspects of NASH. IGF-1,
independently from GH, meliorates mitochondrial morphology and oxidative stress in the
liver. On the other hand, GH has an essential and direct role in steatosis.
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Comparable results were found in humans. Stanley et al. found that administering
tesamorelin, a GHRH analog, in patients affected by HIV and NAFLD significantly im-
proved the NAS. Tesamorelin’s action may be explained by its role in modulating IGFBPs.
Indeed, it was associated with a reduction in IGFBP2, resulting in lower NAS scores and
hepatocellular ballooning [51]. These results were consistent with a transcriptome-wide
differential gene expression analysis in both murine models and adults with NAFLD [51].
IGFBP2 levels emerged significantly reduced both in the liver and in the serum of these
subjects. Even though this study was conducted in HIV-infected individuals, it also raises
the possibility of exploiting the therapeutical potential of GHRH analogs in the treatment
of NAFLD and NASH in other populations. Stanley et al.’s results regarding IGFBP2
and IGFBP4 are consistent with their role in the pathogenesis of a variety of cancers and
hepatic steatosis [30]. In addition, they exhibit mitogenic, metabolic effects on several cell
types [52,53]. Even though IGFBP6 and IGFBP7 overexpression were not significantly corre-
lated to steatosis grade or NAS by Stanley et al. their potential function in the pathological
progression of NAFLD is still under investigation [30]. Interestingly, abnormal expressions
of IGFBP6 and IGFBP7 were associated with cancer [54-57].

According to what was previously reported and supported by the current studies
on GH therapy in NAFLD/NASH patients, GH and IGF-1 may be efficacious strategies
in treating this disease. Two clinical trials show GH replacement therapy’s effect on
liver steatosis in NAFLD patients. Even though the sample sizes were very low, the
results seem to confirm the lipolytic effect of this hormone and the possible use of it as
a therapeutic strategy. Currently, there is no licensed therapy specific to NASH. NASH
patients without diabetes are treated with vitamin E at high dosages [58,59]. However,
this treatment is associated with an increase in all causes of mortality and prostate cancer
in predisposed patients [60]. In patients with diabetes and NASH, treatment is based on
pioglitazone [61]. This drug is associated with an increased risk of weight gain, heart
failure, and fractures [62-64]. GH or IGF-1 replacement therapy may avoid these adverse
limitations. As suggested by Xue et al., 6-month replacement therapy with GH may be
beneficial for liver enzymes and may also improve obesity-related other cardiovascular and
metabolic complications typically associated with NAFLD and NASH [65]. In addition, GH
and IGF-1's role in the pathogenesis of NASH would make them ideal therapeutic targets.
Moreover, identifying the distinct roles of certain IGFBPs in steatohepatitis progression
may suggest a future use of these molecules as therapeutic targets for NASH. Currently,
there are no clinical studies that evaluate the effect of direct IGFBP targeting in NASH
patients, but this strategy should be taken into consideration in future trials.

The higher prevalence of NASH in adult growth hormone deficiency (AGHD) patients
suggests a direct connection between NASH and GH. AGHD is a clinical syndrome charac-
terized by increased visceral adiposity, insulin resistance, and abnormal lipid profile [34].
NASH demonstrates several aspects in common with the metabolic alterations of AGHD,
and the two pathologies can be concurrent. Indeed, data obtained by liver biopsies of
AGHD patients have shown a higher rate of non-alcoholic steatohepatitis (NASH), ad-
vanced fibrosis, and cirrhosis that require liver transplantation [66,67]. In AGHD subjects
affected by NAFLD, GH replacement therapy significantly reduced serum liver enzyme
concentrations. Moreover, GH replacement therapy also improved the histological changes
in the liver concomitant with a reduction in the fibrotic marker concentrations in patients
with NASH [21].

Limitations and Strengths

The most significant limitation of this review is the small sample size of the clinical
studies included—most of which had less than 100 patients. Indeed, to better comprehend
the real efficacy of GH and IGF-1 in clinical settings, more studies with larger sample
sizes need to be conducted. Secondly, the studies included have inconsistent reporting of
outcome measures and essential differences in populations and study designs. At the same
time, to the best of the authors” knowledge, this is the first systematic review in the scientific
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literature focusing on GH and IGF-1’s roles in NASH. The aim is to provide an overview of
the field, offering points for reflection that can guide future research in developing new
targets for treating NASH.

5. Conclusions

A key issue in understanding the pathogenesis of non-alcoholic fatty liver disease
(NAFLD) concerns identifying the mechanisms responsible for switching from simple
steatosis to steatohepatitis (NASH). Furthermore, the diagnosis of NASH is essential
because its presence has been associated with insulin resistance, dyslipidemia, and hyper-
glycemia. However, finding a reliable and non-invasive way to diagnose NASH remains
challenging.

In conclusion, we discussed the critical role of IGF-1 and GH in the onset and progres-
sion of NASH. The studies we have analyzed suggest that enhancing hepatocyte GH and
IGF-1 activity could be a therapeutic strategy to prevent NAFLD progression to NASH. The
two hormones probably act in different pathways that result in synergic effects. GH could
mediate its protective effect in the liver by regulating lipogenesis pathways [31], while
IGF-1 regulates cholesterol transport and has a crucial role in fibrosis and alterations of
mitochondrial morphology [27].

Author Contributions: L.C.: investigation, data abstraction, manuscript writing, design, and edit-
ing. A.M. (Amalia Montini): manuscript writing, editing, and image creation. A.M. (Alessandro
Martinino): concepts, study design, definition of intellectual content, investigation, data abstraction,
manuscript writing, and editing. J.P.S.P.: investigation, manuscript writing, and editing. F.G. and
S.A.: concepts, study design, definition of intellectual content, and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available via email at luca98.cristin@gmail.com.

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

References

1.  Mitra, S; De, A.; Chowdhury, A. Epidemiology of non-alcoholic and alcoholic fatty liver diseases. Transl. Gastroenterol. Hepatol.
2020, 5, 16. [CrossRef]

2. Takahashi, Y. The Role of Growth Hormone and Insulin-Like Growth Factor-I in the Liver. Int. J. Mol. Sci. 2017, 18, 1447.
[CrossRef] [PubMed]

3. Nobili, V.; Alisi, A.; Valenti, L.; Miele, L.; Feldstein, A.E.; Alkhouri, N. NAFLD in children: New genes, new diagnostic modalities
and new drugs. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 517-530. [CrossRef] [PubMed]

4. Nishizawa, H.; Takahashi, M.; Fukuoka, H.; Iguchi, G.; Kitazawa, R.; Takahashi, Y. GH-independent IGF-I action is essential to
prevent the development of nonalcoholic steatohepatitis in a GH-deficient rat model. Biochem. Biophys. Res. Commun. 2012, 423,
295-300. [CrossRef]

5. Paschos, P; Paletas, K. Non alcoholic fatty liver disease and metabolic syndrome. Hippokratia 2009, 13, 9-19.

6.  Schuster, S.; Cabrera, D.; Arrese, M.; Feldstein, A.E. Triggering and resolution of inflammation in NASH. Nat. Rev. Gastroenterol.
Hepatol. 2018, 15, 349-364. [CrossRef] [PubMed]

7. Smirne, C.; Croce, E.; Di Benedetto, D.; Cantaluppi, V.; Comi, C.; Sainaghi, P.P.; Minisini, R.; Grossini, E.; Pirisi, M. Oxidative
Stress in Non-Alcoholic Fatty Liver Disease. Livers 2022, 2, 30-76. [CrossRef]

8.  Wong, R].; Singal, A K. Trends in Liver Disease Etiology Among Adults Awaiting Liver Transplantation in the United States,
2014-2019. JAMA Netw. Open 2020, 3, €1920294. [CrossRef]

9.  Mallet, V.; Parlati, L.; Martinino, A.; Scarano Pereira, J.P.; Jimenez, C.N.; Sakka, M.; Bouam, S.; Retbi, A.; Krasteva, D.; Meritet,
J.-F,; et al. Burden of liver disease progression in hospitalized patients with type 2 diabetes mellitus. J. Hepatol. 2022, 76, 265-274.
[CrossRef]

10.  Younossi, Z.; Stepanova, M.; Ong, ].P; Jacobson, L. M.; Bugianesi, E.; Duseja, A.; Eguchi, Y.; Wong, V.W.; Negro, F,; Yilmaz, Y.; et al.

Nonalcoholic Steatohepatitis Is the Fastest Growing Cause of Hepatocellular Carcinoma in Liver Transplant Candidates. Clin.
Gastroenterol. Hepatol. Off. Clin. Pract. ]. Am. Gastroenterol. Assoc. 2019, 17, 748-755.e3. [CrossRef]


http://doi.org/10.21037/tgh.2019.09.08
http://doi.org/10.3390/ijms18071447
http://www.ncbi.nlm.nih.gov/pubmed/28678199
http://doi.org/10.1038/s41575-019-0169-z
http://www.ncbi.nlm.nih.gov/pubmed/31278377
http://doi.org/10.1016/j.bbrc.2012.05.115
http://doi.org/10.1038/s41575-018-0009-6
http://www.ncbi.nlm.nih.gov/pubmed/29740166
http://doi.org/10.3390/livers2010003
http://doi.org/10.1001/jamanetworkopen.2019.20294
http://doi.org/10.1016/j.jhep.2021.09.030
http://doi.org/10.1016/j.cgh.2018.05.057

Cells 2023,12, 517 20 of 22

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Dichtel, L.E.; Corey, K.E.; Misdraji, J.; Bredella, M.A.; Schorr, M.; Osganian, S.A.; Young, B.J.; Sung, J.C.; Miller, K.K. The
Association Between IGF-1 Levels and the Histologic Severity of Nonalcoholic Fatty Liver Disease. Clin. Transl. Gastroenterol.
2017, 8, 217. [CrossRef] [PubMed]

Loria, P.; Carulli, L.; Bertolotti, M.; Lonardo, A. Endocrine and liver interaction: The role of endocrine pathways in NASH. Nat.
Rev. Gastroenterol. Hepatol. 2009, 6, 236-247. [CrossRef]

Rada, P.; Gonzélez-Rodriguez, A.; Garcia-Monzon, C.; Valverde, A.M. Understanding lipotoxicity in NAFLD pathogenesis: Is
CD36 a key driver? Cell Death Dis. 2020, 11, 802. [CrossRef]

Hao, J.-W.; Wang, J.; Guo, H.; Zhao, Y.-Y.; Sun, H.-H.; Li, Y.-F; Lai, X.-Y.; Zhao, N.; Wang, X_; Xie, C.; et al. CD36 facilitates fatty
acid uptake by dynamic palmitoylation-regulated endocytosis. Nat. Commun. 2020, 11, 4765. [CrossRef] [PubMed]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM]J 2021, 372, n71.
[CrossRef]

Ouzzani, M.; Hammady, H.; Fedorowicz, Z.; Elmagarmid, A. Rayyan—A web and mobile app for systematic reviews. Syst. Rev.
2016, 5, 210. [CrossRef] [PubMed]

Ichikawa, T.; Nakao, K.; Hamasaki, K.; Furukawa, R.; Tsuruta, S.; Ueda, Y.; Taura, N.; Shibata, H.; Fujimoto, M.; Toriyama, K;
et al. Role of growth hormone, insulin-like growth factor 1 and insulin-like growth factor-binding protein 3 in development of
non-alcoholic fatty liver disease. Hepatol. Int. 2007, 1, 287-294. [CrossRef]

Garcia-Galiano, D.; Sanchez-Garrido, M.A.; Espejo, I.; Montero, J.L.; Costan, G.; Marchal, T.; Membrives, A.; Gallardo-Valverde,
J.M.; Mufioz-Castarieda, J.R.; Arévalo, E.; et al. IL-6 and IGF-1 are independent prognostic factors of liver steatosis and
non-alcoholic steatohepatitis in morbidly obese patients. Obes. Surg. 2007, 17, 493-503. [CrossRef]

Koehler, E.; Swain, J.; Sanderson, S.; Krishnan, A.; Watt, K.; Charlton, M. Growth hormone, dehydroepiandrosterone and
adiponectin levels in non-alcoholic steatohepatitis: An endocrine signature for advanced fibrosis in obese patients. Liver Int. 2012,
32,279-286. [CrossRef]

Takahashi, Y. Essential roles of growth hormone (GH) and insulin-like growth factor-I (IGF-I) in the liver. Endocr. J. 2012, 59,
955-962. [CrossRef]

Nishizawa, H.; Iguchi, G.; Murawaki, A.; Fukuoka, H.; Hayashi, Y.; Kaji, H.; Yamamoto, M.; Suda, K.; Takahashi, M.; Seo, Y.; et al.
Nonalcoholic fatty liver disease in adult hypopituitary patients with GH deficiency and the impact of GH replacement therapy.
Eur. J. Endocrinol. 2012, 167, 67-74. [CrossRef]

Cianfarani, S.; Inzaghi, E.; Alisi, A.; Germani, D.; Puglianiello, A.; Nobili, V. Insulin-Like Growth Factor-I and -II Levels Are
Associated with the Progression of Nonalcoholic Fatty Liver Disease in Obese Children. . Pediatr. 2014, 165, 92-98. [CrossRef]
[PubMed]

Xanthakos, S.A.; Crimmins, N.A.; Chernausek, S.D. Abnormalities in the growth hormone axis and risk of nonalcoholic
steatohepatitis: Active player or innocent bystander? J. Pediatr. 2014, 165, 12-14. [CrossRef] [PubMed]

Sumida, Y.; Yonei, Y.; Tanaka, S.; Mori, K.; Kanemasa, K.; Imai, S.; Taketani, H.; Hara, T.; Seko, Y.; Ishiba, H.; et al. Lower levels of
insulin-like growth factor-1 standard deviation score are associated with histological severity of non-alcoholic fatty liver disease.
Hepatol. Res. Off. ]. Jpn. Soc. Hepatol. 2015, 45, 771-781. [CrossRef]

Hosui, A.; Tatsumi, T.; Hikita, H.; Saito, Y.; Hiramatsu, N.; Tsujii, M.; Hennighausen, L.; Takehara, T. STAT5 plays a crucial role
in hepatic lipid metabolism through regulation of CD36 expression: STAT5 negatively regulates CD36. Hepatol. Res. 2016, 47,
813-825. [CrossRef] [PubMed]

Nishizawa, H.; Iguchi, G.; Fukuoka, H.; Takahashi, M.; Suda, K.; Bando, H.; Matsumoto, R.; Yoshida, K.; Odake, Y.; Ogawa,
W.; et al. IGF-I induces senescence of hepatic stellate cells and limits fibrosis in a p53-dependent manner. Sci. Rep. 2016, 6, 34605.
[CrossRef]

Fukunaga, K.; Imachi, H.; Lyu, J.; Dong, T.; Sato, S.; Ibata, T.; Kobayashi, T.; Yoshimoto, T.; Yonezaki, K.; Matsunaga, T.; et al.
IGF1 suppresses cholesterol accumulation in the liver of growth hormone-deficient mice via the activation of ABCA1. Am. .
Physiol.-Endocrinol. Metab. 2018, 315, E1232-E1241. [CrossRef] [PubMed]

Rufinatscha, K.; Ress, C.; Folie, S.; Haas, S.; Salzmann, K.; Moser, P.; Dobner, J.; Weiss, G.; Iruzubieta, P.; Arias-Loste, M.T.; et al.
Metabolic effects of reduced growth hormone action in fatty liver disease. Hepatol. Int. 2018, 12, 474-481. [CrossRef]

Polyzos, S.A.; Perakakis, N.; Boutari, C.; Kountouras, J.; Ghaly, W.; Anastasilakis, A.D.; Karagiannis, A.; Mantzoros, C.S. Targeted
Analysis of Three Hormonal Systems Identifies Molecules Associated with the Presence and Severity of NAFLD. J. Clin. Endocrinol.
Metab. 2020, 105, €390-e400. [CrossRef]

Stanley, T.L.; Fourman, L.T.; Zheng, I.; McClure, C.M.; Feldpausch, M.N.; Torriani, M.; Corey, K.E.; Chung, R.T.; Lee, H.; Kleiner,
D.E,; et al. Relationship of IGF-1 and IGF-Binding Proteins to Disease Severity and Glycemia in Nonalcoholic Fatty Liver Disease.
J. Clin. Endocrinol. Metab. 2021, 106, e520-e533. [CrossRef]

Sarmento-Cabral, A.; Del Rio-Moreno, M.; Vazquez-Borrego, M.C.; Mahmood, M.; Gutierrez-Casado, E.; Pelke, N.; Guzman,
G.; Subbaiah, P.V.; Cordoba-Chacon, J.; Yakar, S.; et al. GH directly inhibits steatosis and liver injury in a sex-dependent and
IGF1-independent manner. |. Endocrinol. 2021, 248, 31-44. [CrossRef] [PubMed]

Dichtel, L.E.; Cordoba-Chacon, J.; Kineman, R.D. Growth Hormone and Insulin-Like Growth Factor 1 Regulation of Nonalcoholic
Fatty Liver Disease. J. Clin. Endocrinol. Metab. 2022, 107, 1812-1824. [CrossRef] [PubMed]


http://doi.org/10.1038/ctg.2016.72
http://www.ncbi.nlm.nih.gov/pubmed/28125073
http://doi.org/10.1038/nrgastro.2009.33
http://doi.org/10.1038/s41419-020-03003-w
http://doi.org/10.1038/s41467-020-18565-8
http://www.ncbi.nlm.nih.gov/pubmed/32958780
http://doi.org/10.1136/bmj.n71
http://doi.org/10.1186/s13643-016-0384-4
http://www.ncbi.nlm.nih.gov/pubmed/27919275
http://doi.org/10.1007/s12072-007-9007-4
http://doi.org/10.1007/s11695-007-9087-1
http://doi.org/10.1111/j.1478-3231.2011.02637.x
http://doi.org/10.1507/endocrj.EJ12-0322
http://doi.org/10.1530/EJE-12-0252
http://doi.org/10.1016/j.jpeds.2014.01.052
http://www.ncbi.nlm.nih.gov/pubmed/24607243
http://doi.org/10.1016/j.jpeds.2014.03.031
http://www.ncbi.nlm.nih.gov/pubmed/24793205
http://doi.org/10.1111/hepr.12408
http://doi.org/10.1111/hepr.12816
http://www.ncbi.nlm.nih.gov/pubmed/27593674
http://doi.org/10.1038/srep34605
http://doi.org/10.1152/ajpendo.00134.2018
http://www.ncbi.nlm.nih.gov/pubmed/30130150
http://doi.org/10.1007/s12072-018-9893-7
http://doi.org/10.1210/clinem/dgz172
http://doi.org/10.1210/clinem/dgaa792
http://doi.org/10.1530/JOE-20-0326
http://www.ncbi.nlm.nih.gov/pubmed/33112796
http://doi.org/10.1210/clinem/dgac088
http://www.ncbi.nlm.nih.gov/pubmed/35172328

Cells 2023,12, 517 21 0f22

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Osganian, S.A.; Subudhi, S.; Masia, R.; Drescher, HK; Bartsch, L.M.; Chicote, M.L.; Chung, R.T.; Gee, D.W.; Witkowski, E.R,;
Bredella, M.A.; et al. Expression of IGF-1 receptor and GH receptor in hepatic tissue of patients with nonalcoholic fatty liver
disease and nonalcoholic steatohepatitis. Growth Horm. IGF Res. 2022, 65, 101482. [CrossRef]

Doycheva, L; Erickson, D.; Watt, K.D. Growth hormone deficiency and NAFLD: An overlooked and underrecognized link.
Hepatol. Commun. 2022, 6, 2227-2237. [CrossRef] [PubMed]

Fielding, C.J.; Fielding, P.E. Molecular physiology of reverse cholesterol transport. J. Lipid Res. 1995, 36, 211-228. [CrossRef]
[PubMed]

Baik, M.; Yu, J.H.; Hennighausen, L. Growth hormone-STAT5 regulation of growth, hepatocellular carcinoma, and liver
metabolism. Ann. N. Y. Acad. Sci. 2011, 1229, 29-37. [CrossRef]

Rotwein, P. Mapping the growth hormone-Stat5b-IGF-I transcriptional circuit. Trends Endocrinol. Metab. TEM 2012, 23, 186-193.
[CrossRef]

Feigerlova, E.; Hwa, V,; Derr, M.A.; Rosenfeld, R.G. Current issues on molecular diagnosis of GH signaling defects. Endocr. Dev.
2013, 24, 118-127. [CrossRef] [PubMed]

Endemann, G.; Stanton, L.W.; Madden, K.S.; Bryant, C.M.; White, R.T.; Protter, A.A. CD36 is a receptor for oxidized low density
lipoprotein. J. Biol. Chem. 1993, 268, 11811-11816. [CrossRef]

Juul, A.; Scheike, T.; Davidsen, M.; Gyllenborg, J.; Jorgensen, T. Low serum insulin-like growth factor I is associated with increased
risk of ischemic heart disease: A population-based case-control study. Circulation 2002, 106, 939-944. [CrossRef]

Kucera, R.; Topolcan, O.; Pecen, L.; Kinkorova, ].; Svobodova, S.; Windrichova, J.; Fuchsova, R. Reference values of IGF1, IGFBP3
and IGF1/IGFBP3 ratio in adult population in the Czech Republic. Clin. Chim. Acta Int. ]. Clin. Chem. 2015, 444, 271-277.
[CrossRef]

Zeng, M.-D.; Lu, L.-G.; Mao, Y.-M.; Qiu, D.-K,; Li, ].-Q.; Wan, M.-B.; Chen, C.-W.; Wang, J.-Y.; Cai, X.; Gao, C.-F; et al. Prediction
of significant fibrosis in HBeAg-positive patients with chronic hepatitis B by a noninvasive model. Hepatology 2005, 42, 1437-1445.
[CrossRef] [PubMed]

Savastano, S.; Di Somma, C.; Pizza, G.; De Rosa, A.; Nedji, V,; Rossi, A.; Orio, F; Lombardi, G.; Colao, A.; Tarantino, G. Liver-spleen
axis, insulin-like growth factor-(IGF)-I axis and fat mass in overweight/obese females. J. Transl. Med. 2011, 9, 136. [CrossRef]
Marques, V.; Afonso, M.B.; Bierig, N.; Duarte-Ramos, F.; Santos-Laso, A Jimenez-Agitiero, R.; Eizaguirre, E.; Bujanda, L.; Pareja,
M.].; Luis, R.; et al. Adiponectin, Leptin, and IGF-1 Are Useful Diagnostic and Stratification Biomarkers of NAFLD. Front. Med.
2021, 8, 683250. [CrossRef]

Thissen, J.P.; Verniers, J. Inhibition by interleukin-1 beta and tumor necrosis factor-alpha of the insulin-like growth factor I
messenger ribonucleic acid response to growth hormone in rat hepatocyte primary culture. Endocrinology 1997, 138, 1078-1084.
[CrossRef]

Anwar, A.; Zahid, A.A.; Scheidegger, K.J.; Brink, M.; Delafontaine, P. Tumor necrosis factor-alpha regulates insulin-like growth
factor-1 and insulin-like growth factor binding protein-3 expression in vascular smooth muscle. Circulation 2002, 105, 1220-1225.
[CrossRef] [PubMed]

Lelbach, A.; Scharf, J.G.; Ramadori, G. Regulation of insulin-like growth factor-I and of insulin-like growth factor binding
protein-1, -3 and -4 in cocultures of rat hepatocytes and Kupffer cells by interleukin-6. J. Hepatol. 2001, 35, 558-567. [CrossRef]
[PubMed]

Yakar, S.; Liu, J.L.; Fernandez, A.M.; Wu, Y.; Schally, A.V,; Frystyk, J.; Chernausek, S.D.; Mejia, W.; Le Roith, D. Liver-specific igf-1
gene deletion leads to muscle insulin insensitivity. Diabetes 2001, 50, 1110-1118. [CrossRef] [PubMed]

Shimobayashi, M.; Albert, V.; Woelnerhanssen, B.; Frei, I.C.; Weissenberger, D.; Meyer-Gerspach, A.C.; Clement, N.; Moes, S.;
Colombi, M.; Meier, J.A.; et al. Insulin resistance causes inflammation in adipose tissue. J. Clin. Investig. 2018, 128, 1538-1550.
[CrossRef] [PubMed]

Mittal, M.; Siddiqui, M.R,; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive Oxygen Species in Inflammation and Tissue Injury. Antioxid.
Redox Signal. 2014, 20, 1126-1167. [CrossRef] [PubMed]

Fahlbusch, P.; Knebel, B.; Horbelt, T.; Barbosa, D.M.; Nikolic, A.; Jacob, S.; Al-Hasani, H.; Van de Velde, F.; Van Nieuwenhove, Y.;
Miiller-Wieland, D.; et al. Physiological Disturbance in Fatty Liver Energy Metabolism Converges on IGFBP2 Abundance and
Regulation in Mice and Men. Int. ]. Mol. Sci. 2020, 21, 4144. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646—-674. [CrossRef]

Allard, ].B.; Duan, C. IGF-Binding Proteins: Why Do They Exist and Why Are There So Many? Front. Endocrinol. 2018, 9, 117.
[CrossRef]

Drivdahl, R.; Haugk, K.H.; Sprenger, C.C.; Nelson, P.S.; Tennant, M.K.; Plymate, S.R. Suppression of growth and tumorigenicity
in the prostate tumor cell line M12 by overexpression of the transcription factor SOX9. Oncogene 2004, 23, 4584-4593. [CrossRef]
Ruan, W.; Xu, E.; Xu, F; Ma, Y; Deng, H.; Huang, Q.; Lv, B.; Hu, H; Lin, J.; Cui, J.; et al. IGFBP7 plays a potential tumor suppressor
role in colorectal carcinogenesis. Cancer Biol. Ther. 2007, 6, 354-359. [CrossRef] [PubMed]

Liso, A.; Capitanio, N.; Gerli, R.; Conese, M. From fever to immunity: A new role for IGFBP-6? ]. Cell. Mol. Med. 2018, 22,
4588-4596. [CrossRef] [PubMed]

Jin, L.; Shen, E; Weinfeld, M.; Sergi, C. Insulin Growth Factor Binding Protein 7 (IGFBP7)-Related Cancer and IGFBP3 and IGFBP7
Crosstalk. Front. Oncol. 2020, 10, 727. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ghir.2022.101482
http://doi.org/10.1002/hep4.1953
http://www.ncbi.nlm.nih.gov/pubmed/35765700
http://doi.org/10.1016/S0022-2275(20)39898-9
http://www.ncbi.nlm.nih.gov/pubmed/7751809
http://doi.org/10.1111/j.1749-6632.2011.06100.x
http://doi.org/10.1016/j.tem.2012.01.001
http://doi.org/10.1159/000342586
http://www.ncbi.nlm.nih.gov/pubmed/23392100
http://doi.org/10.1016/S0021-9258(19)50272-1
http://doi.org/10.1161/01.CIR.0000027563.44593.CC
http://doi.org/10.1016/j.cca.2015.02.036
http://doi.org/10.1002/hep.20960
http://www.ncbi.nlm.nih.gov/pubmed/16317674
http://doi.org/10.1186/1479-5876-9-136
http://doi.org/10.3389/fmed.2021.683250
http://doi.org/10.1210/endo.138.3.4966
http://doi.org/10.1161/hc1002.105187
http://www.ncbi.nlm.nih.gov/pubmed/11889017
http://doi.org/10.1016/S0168-8278(01)00170-2
http://www.ncbi.nlm.nih.gov/pubmed/11690700
http://doi.org/10.2337/diabetes.50.5.1110
http://www.ncbi.nlm.nih.gov/pubmed/11334415
http://doi.org/10.1172/JCI96139
http://www.ncbi.nlm.nih.gov/pubmed/29528335
http://doi.org/10.1089/ars.2012.5149
http://www.ncbi.nlm.nih.gov/pubmed/23991888
http://doi.org/10.3390/ijms21114144
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.3389/fendo.2018.00117
http://doi.org/10.1038/sj.onc.1207603
http://doi.org/10.4161/cbt.6.3.3702
http://www.ncbi.nlm.nih.gov/pubmed/17312390
http://doi.org/10.1111/jcmm.13738
http://www.ncbi.nlm.nih.gov/pubmed/30117676
http://doi.org/10.3389/fonc.2020.00727
http://www.ncbi.nlm.nih.gov/pubmed/32500027

Cells 2023,12, 517 22 0f 22

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Lavine, J.E. Vitamin E treatment of nonalcoholic steatohepatitis in children: A pilot study. . Pediatr. 2000, 136, 734-738. [CrossRef]
[PubMed]

Sanyal, A.J.; Chalasani, N.; Kowdley, K.V.; McCullough, A.; Diehl, A.M.; Bass, N.M.; Neuschwander-Tetri, B.A.; Lavine, J.E,;
Tonascia, J.; Unalp, A.; et al. Pioglitazone, Vitamin E, or Placebo for Nonalcoholic Steatohepatitis. N. Engl. J. Med. 2010, 362,
1675-1685. [CrossRef]

Miller, E.R.; Pastor-Barriuso, R.; Dalal, D.; Riemersma, R.A.; Appel, L.J.; Guallar, E. Meta-analysis: High-dosage vitamin E
supplementation may increase all-cause mortality. Ann. Intern. Med. 2005, 142, 37-46. [CrossRef] [PubMed]

Boettcher, E.; Csako, G.; Pucino, F.; Wesley, R.; Loomba, R. Meta-analysis: Pioglitazone improves liver histology and fibrosis in
patients with non-alcoholic steatohepatitis. Aliment. Pharmacol. Ther. 2012, 35, 66-75. [CrossRef] [PubMed]

Meier, C.; Kraenzlin, M.E.; Bodmer, M.; Jick, S.S.; Jick, H.; Meier, C.R. Use of thiazolidinediones and fracture risk. Arch. Intern.
Med. 2008, 168, 820-825. [CrossRef]

Lebovitz, H.E.; Dole, J.F.; Patwardhan, R.; Rappaport, E.B.; Freed, M.I. Rosiglitazone Clinical Trials Study Group Rosiglitazone
monotherapy is effective in patients with type 2 diabetes. J. Clin. Endocrinol. Metab. 2001, 86, 280-288. [CrossRef] [PubMed]
Singh, S.; Loke, Y.K.; Furberg, C.D. Thiazolidinediones and heart failure: A teleo-analysis. Diabetes Care 2007, 30, 2148-2153.
[CrossRef]

Xue, J.; Liang, S.; Ma, J.; Xiao, Y. Effect of growth hormone therapy on liver enzyme and other cardiometabolic risk factors in boys
with obesity and nonalcoholic fatty liver disease. BMC Endocr. Disord. 2022, 22, 49. [CrossRef]

Adams, L.A.; Angulo, P. Recent concepts in non-alcoholic fatty liver disease. Diabet. Med. 2005, 22, 1129-1133. [CrossRef]
[PubMed]

Marchesini, G.; Brizi, M.; Morselli-Labate, A.M.; Bianchi, G.; Bugianesi, E.; McCullough, A.J.; Forlani, G.; Melchionda, N.
Association of nonalcoholic fatty liver disease with insulin resistance. Am. J. Med. 1999, 107, 450-455. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S0022-3476(00)05040-X
http://www.ncbi.nlm.nih.gov/pubmed/10839868
http://doi.org/10.1056/NEJMoa0907929
http://doi.org/10.7326/0003-4819-142-1-200501040-00110
http://www.ncbi.nlm.nih.gov/pubmed/15537682
http://doi.org/10.1111/j.1365-2036.2011.04912.x
http://www.ncbi.nlm.nih.gov/pubmed/22050199
http://doi.org/10.1001/archinte.168.8.820
http://doi.org/10.1210/jcem.86.1.7157
http://www.ncbi.nlm.nih.gov/pubmed/11232013
http://doi.org/10.2337/dc07-0141
http://doi.org/10.1186/s12902-022-00967-y
http://doi.org/10.1111/j.1464-5491.2005.01748.x
http://www.ncbi.nlm.nih.gov/pubmed/16108837
http://doi.org/10.1016/S0002-9343(99)00271-5

	Introduction 
	Materials and Methods 
	Searches 
	Inclusion and Exclusion Criteria 
	Study Selection and Data Extraction 

	Results 
	Searching Results 
	In Vitro and In Vivo Studies (Table 2) 
	Human Studies (Table 3) 

	Discussion 
	Conclusions 
	References

