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Abstract

This study seeks to evaluate Insulin-like Growth
Factor 1 (IGF-1) short-period therapy in Non-Al-
coholic Fatty Liver Disease (NAFLD) as it relates
to western diet-induced obesity. For this pur-
pose, 21-day-old male Swiss mice were divided
into a control group (CG, N=8), which was fed a
standard diet, and an obese group (GO, N=16),
which was fed a western diet, rich in saturated
fat and simple carbohydrates, for 12 weeks. In
the 11th week, part of the animals in the obese
group (N=38) received a daily subcutaneous in-
jection of recombinant human IGF-1 (100pg/kg/
day) during seven consecutive days (GO+IGF-1).
Biometric and metabolic parameters, intraperi-
toneal glucose tolerance test (IGTT), quantitative
analysis of liver steatosis, quantitative analysis
of collagen in liver and expression of immunop-
eroxidase of alpha-smooth muscle actin (a-SMA)
were analyzed. Our data demonstrated that
IGF-1 short-term treatment was able to improve
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obesity-related biometric and metabolic param-
eters. In addition, it promoted the recovery of
liver parenchyma, thereby reducing steatosis and
fibrosis, thus demonstrating an important hepa-
toprotective action.

Keywords: Non-Alcoholic Fatty Liver Disease;
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Despite its multifactorial nature, obesity is deeply related to nutritional habits, including the
consumption of foods with high calorie content, rich in saturated fat, salt and sugar, usually
called the western diet.'? In addition to an increase in fat deposits, obesity is linked to comor-
bidities, including type 2 diabetes mellitus (T2DM), nonalcoholic fatty liver disease (NAFLD),
hypertension, hyperlipidemia, chronic kidney disease, and cardiovascular disease, leading to

increased mortality in obese individuals.3

Non-alcoholic fatty liver disease (NAFLD) is one of the most prevalent chronic liver conditions
and an important risk factor for liver cirrhosis and hepatocellular carcinoma.* NAFLD is the
spectrum of liver disease in which hepatic steatosis, the macrovesicle accumulation of tri-
glyceride in hepatocytes,>¢ is considered the ultimate effector of lipotoxic liver injury.”
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Insulin-like growth factor-1 (IGF-1) is an anabolic growth hormone associated with prolifera-
tion, growth and cellular metabolism, and low IGF-1 plasma levels have been correlated with
obesity®? and NAFLD.!? Therefore, this study sought to investigate the therapeutic potential of
short-period of recombinant IGF-1 treatment on NAFLD in an experimental model of obesity
induced by the western diet.

Methods

Animals and experimental design

Animals were cared for in accordance with the guidelines of the Ethics Commission on Animal
Use of the Biology Institute of the State University of Rio de Janeiro (CEUA/026/2017), estab-
lished under standard international protocols.

Male Swiss mice at the 21st day after birth were housed under standard conditions of tempera-
ture and controlled humidity with a 12h light/dark cycle. Animals were randomly divided into
a control group (CG, N=8), which was fed a standard AIN93G diet (65.6% carbohydrates, 17.3%
proteins, and 17.1% lipids) and an obese group (OG=16), which was fed a Western diet rich in
saturated fat and simple carbohydrate from clarified butter (ghee) (43.3% carbohydrates, 14%
proteins, and 42.7% lipids) (PragSolucoes, Brazil).

Diets were administered during 12 weeks with free access to water and food. After 11 weeks,
half of the obese group mice (N=8) received a daily subcutaneous injection of 50ul of human
recombinant IGF-1 (100ug.kg-1.day-1) (PeproTech) in saline solution for seven consecutive
days (OG+IGF-1). The other groups received injections of 50ul of phosphate buffer saline.

Biometric and metabolic parameters

Body weight and naso-anal length were assessed after 12 weeks, and the Lee index was
calculated by the formula: cube root of body weight (g)/naso-anal length (cm)x1,000. Epidid-
ymal and retroperitoneal fat were excised and weighed. In addition, the liver steatosis index
was analyzed by liver mass (g)/body mass (g). Fasting glucose was measured with a glucom-
eter (Accu-Chek Active, Roche Diagnostics, Germany) on the euthanasia day (111th day of
life) and fasting insulin was evaluated by radioimmunoassay (Insulin IRMA KIT; ref. IM3210,
Beckman Coulter, Miami). The Homeostasis Model Assessment of Insulin Resistance (HO-
MA-IR) index was calculated by using the formula: [fasting insulin (uUl/mL)xfasting glucose
(mmol/L)]/22.5.

Intraperitoneal glucose tolerance test (IGTI)

Intraperitoneal glucose tolerance test was performed after 6 hours of fasting after 12 weeks

of diet. An intraperitoneal injection of glucose (1g/kg of body weight) was administered, and
blood droplets were collected from the tail vein just prior to glucose administration (time 0)
and after 30, 60, 90 and 120 minutes. The blood glucose level was measured using a glucometer
and AccuChek Active test strips (Roche Diagnostics, Germany).

Quantitative analysis of liver steatosis

The liver was fixed in 4% formaldehyde, and paraffin sections were stained with hematoxylin
and eosin. To quantify liver fat droplets, 15 random fields per animal, collected from non-serial
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sections, were captured in a light microscope with CCD camera. The analysis was conducted
with STEPanizer software. Results were expressed as density/area (um?2).

Quantitative analysis of collagen in liver

The liver was collected, fixed in 4% paraformaldehyde, dehydrated in increasing series of alco-
hol, clarified in xylol, and included in paraffin. Sections of 5.0um were obtained and stained with
Picro-Sirius Red (0.1% solution of Direct Red 80, Sigma-Aldrich), which stains collagen fibers

in red, and hematoxylin. To quantify hepatic collagen deposition, 15 random fields per animal,
collected from non-serial sections, were captured with a 40x objective in a light microscope with
CCD camera. The analysis was made with Image Pro Plus 3.0 software by densitometry of areas
stained in red. The results were expressed as a percentage of stained area over the total field.

Immunoperoxidase of alpha-smooth muscle actin (a-SMA)

The liver was fixed in 4% formaldehyde and included in paraffin. Sections were then incubat-
ed with monoclonal mouse anti-rat alpha-smooth muscle actin primary antibody (Santa Cruz
Biotechnology), followed by anti-mouse biotinylated secondary antibody, streptavidin-per-
oxidase and, finally, DAB chromogen. The sections were then stained with hematoxylin and
mounted with Entellan. To quantify a-SMA expression in the experimental groups, 15 random
fields per animal were captured in a light microscope with a CCD camera and then analyzed
with Image Pro Plus 3.0 software.

Statistical analysis

Data were expressed as mean+standard error of the mean and statistical significance was
assessed by one-way or two-way analysis of variance with Holm-Sidak post-test, with P<0.05
being considered statistically significant.

Results

Biometric and metabolic parameters

From week 5 of western diet administration, the OG demonstrated a significant increase in
body mass compared to the CG (P<0.0001), which persisted until the end of the experiment
(Figure 1A). However, the OG + IGF-1 showed 15% of body mass reduction compared to the OG
group, reaching values similar to the CG (Table 1).

After IGF-1 treatment, the values of Lee index, epididymal fat, and retroperitoneal fat mass
similar to the CG were also restored in the OG+IGF-1, with no difference in naso-anal length
between groups. In addition, the OG+IGF-1 showed a 13% of reduction in the steatosis hepatic
index when compared to the OG group (Table 1).

IGF-1 treatment improved fasting glycemia compared to the OG, although it did not fall to the
levels seen in the CG. Moreover, only one week of treatment was not enough to improve insulin
levels and HOMA-IR (Table 1).

IGTT analysis demonstrated that the OG showed an almost two-fold increase in glucose intol-
erance compared to the CG. After IGF-1 treatment, the OG+GF-1 showed an improvement in
the glucose tolerance curve (-22%) compared to the OG (Figure 1C-D).
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Figure 1. Body mass evolution, Intraperitoneal glucose tolerance test and Area under the curve

Legend: (A) Body mass evolution of the control group (CG) and the obese group (OG) for 12 weeks. P value of
change in time using repeated measures model effect. (B) Body mass on the day of euthanasia of CG, OG, and
OG + IGF-1. (C) Intraperitoneal glucose tolerance test. P value of change in time using repeated-measures model
effect. (D) Area under the curve. Data are expressed as mean + SEM. “a” significant difference compared to CG,
“b” significant difference compared to OG. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Source: The authors (2022).

Table 1. Biometric and metabolic parameters

CG 0oG OG+IGF-1
Body mass (g) 44,7+1,6 52,4+232 44,3+0,6 ©
Naso-anal length (cm) 8,9+0,2 9,4+0,1 9,3+0,1

Lee Index 346,5+4,48 419,5+3,53 2 318,6+13,53 ©

Fasting blood glucose (mg/dL) 102,8+9,4 175,045,3 2 139,8+9,4 2P
Epididymal fat (g) 0,82+0,1 2,24+0,3 2 1,32+,0,1®
Retroperitoneal fat (g) 0,30+0,06 0,91+0,122 0,52+0,06 ®
Insulin levels (mUI/mL) 50+8,4 124,3+5,72 159+19,2 2
HOMA-IR 2,18+0,3 4,71+£0,6 @ 4,96+0,62 2

Liver Steatosis (g/g) 0,04110+0,00094 0,05131+0,00283 2 0,04451+0,00124 ©

Legend: Data are expressed as mean + SEM; n = 8/group. a: Significant difference compared to CG. b Significant differ-
ence compared to OG. *P < 0.04;**P<0.0019; ***P < 0.0005; ****P < 0.0001

Source: The authors (2023).
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Steatosis quantification

The light microscopy analysis of liver sections stained with hematoxylin and eosin (Figure

2) showed that hepatic parenchyma of the OG has an intense degree of steatosis. Both mac-
rovesicular (large vacuoles within each hepatocyte, which make the nucleus eccentric) and
microvesicular (despite numerous vacuoles within each cell, the nucleus remains in its central
position) steatosis was observed. However, the predominance of macrovesicular steatosis is
evident. The OG+IGF-1 showed a significant improvement of the hepatic parenchyma, with
an almost total reduction of macrovesicular steatosis; however, some hepatocytes with mi-
crovesicular steatosis remained. The quantification of fat droplets demonstrated that the OG
(1097£135.5) presented a significant increase in fat droplets per area in relation to the CG
(321.9£80.75). IGF-1 treatment was able to reduce hepatic steatosis by 43.4% in the GO+IGF-1
(621.3+53.32) compared to the GO (Figure 2D).
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Figure 2. Histological liver sections stained with Hematoxylin and Eosin from (A) CG (control group), (B)
OG (obese group) and (C) OG + IGF-1. (D) Quantitative analyses of Lipid Droplet Density/ pm?2,

Legend: Data are expressed as mean + SEM. Arrowhead indicate hepatocytes with microvesicular steatosis. “a” signifi-
cant difference compared to CG, “b” significant difference compared to OG. ** P < 0.0015 ****P < 0.0001.

Source: The authors (2023).

Liver fibrosis quantification

Picro Sirius Red staining demonstrated that collagen deposition in the liver was higher in the
OG (Figure 3B) than the CG (Figure 3A). Treatment with IGF-1 reduced the fibrosis area by 43%
compared to the OG (Figure 3D).

For fibrosis analysis, liver sections were stained with Picro-Sirius Red, which shows collagen
deposition allowing the quantification of these areas. Compared to the CG (Figure 3A), the OG
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showed greater deposition of collagen in the hepatic parenchyma, mainly around the vessels
and between the hepatocyte cords (perisinusoidal area) (Figure 3B). In contrast, the OG+IGF-1
demonstrated a decrease in collagen deposition, which was mainly restricted to the area
around the vessels, like the CG.

Quantitative analysis of Picro-Sirius Red stained area corroborated microscopic analysis that
showed a significant increase of 30% in collagen deposition in the OG compared to the GC,
characterizing the adverse remodeling of the extracellular matrix. However, after IGF-1 treat-
ment, a significant reduction of 43% occurred in the fibrosis area compared to GO (Figure 3D).
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Figure 3. Histological heart sections stained with PicroSirius Red from (A) CG (control group), (B) OG (obe-
se group) and (C) OG + IGF-1. (D) Quantitative analyses of PicroSirius stained area (D)

“n

Legend: Data are expressed as mean + SEM. “a” significant difference compared to CG, “b” significant difference com-
pared to OG. ****P < 0.0001

Source: The authors (2023).

Immunoperoxidase of a-SMA

Analysis of a-SMA expression in the liver demonstrated that this biomarker of activated myo-
fibroblast has an extremely low expression in the CG (Figure 4A). However, the OG showed in-
creased a-SMA expression between hepatocyte cords and around the centrilobular vein (Figure
4B). After a short period of IGF-1treatment, hepatic parenchyma of OG+IGF-1 demonstrated
an evident decrease in the a-SMA expression (Figure 4C).
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Figure 4. Histological heart sections immunostained with the smooth muscle alpha-actin-specific antibody,
showing its staining in brown (arrows) and nuclei counterstained with hematoxylin, in purple.

Legend: (A) CG (control group); (B) OG (obese group) (C) OG + IGF-1.
Source: The authors (2023).

Discussion

The nutritional profile of the global population has been changing in recent decades with an
increasing consumption of ultra-processed foods, with a high content of simple carbohydrates
and saturated fat (western diet). Consequently, we observe an increase in caloric consumption at
the expense of its expenditure, which results in alarming rates of obesity. In this study, we repro-
duced this dietary pattern, using the model described by Tikellis and colleagues? in male Swiss
mice, already used by our group for some years,'*!2 in order to evaluate the therapeutic potential
of IGF-1 in NAFLD induced by western diet on the restructuring of the liver parenchyma.

The present study corroborated the obesogenic character of the western diet showed by our
previous studies, which found increases in body mass, adiposity and glycemia.!**2 IGF-1-treat-
ed mice even showed a significant reduction in body mass after only one week of treatment,
presenting the same body mass as the CG. IGF-1 activates the (PI3K)/Akt pathway, leading to
anabolic effects and increasing lean mass through protein synthesis.!*:!3 It also promotes an
increase in lipid oxidation and inhibition of lipogenesis, preventing generation of new adipo-
cytes, which explains the reduction in adiposity in the treated group.

Obesity resulting from the excessive increase of calorie consumption in the western diet
promotes the deposit of fat in the liver, leading to hepatic steatosis. Consequently, fatty acids
accumulate in hepatocytes, resulting in a state of lipid cell hypertrophy. The excessive concen-
tration of intracellular lipid in the hepatocyte causes steatosis, giving the hepatic parenchyma
two distinct histological characteristics. In the first, microvesicular, the cytoplasm of the he-
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patocyte is affected by small lipid vacuoles and the nucleus is located in the center of the cell.
On the other hand, the macrovesicular steatosis is characterized by large vacuoles filled with
lipids throughout the cytoplasm with consequent restriction of the nucleus to the periphery of
the cell.?

For steatosis evaluation, we initially estimated hepatic steatosis, measured by the correction of
liver weight (g) by the body mass (g), which showed a significant increase in the OG ratio when
compared with the CG, indicating enlargement of the liver caused by fat accumulation. How-
ever, the OG+IGF-1 displayed a decrease in liver mass. To corroborate these initial results, the
liver parenchyma was analyzed by light microscopy. We observed a significant amount of lipid
droplets throughout the hepatic parenchyma of the OG, which is characteristic of hepatic ste-
atoses, both microvesicle and macrovesicle. However, animals treated with IGF-1 for only one
week showed a decrease in the density of lipid droplets, which were reduced to some regions of
microvesicle hepatic steatoses, which demonstrated an improvement in the liver parenchyma
of the mice. Nishizawa and colleagues!® in a mouse model with GH deficiencies (SDR), revealed
that these mice presented hepatic steatoses, hepatic fibrosis and increased oxidative stress
according to NAFLD phenotype. In this model, however, treatment for four weeks with either
GH or IGF-1 was sufficient to reverse the phenotype, with IGF-1 infusion having a particularly
beneficial effect on fibrosis compared with GH infusion.

Liver steatoses promote a lipotoxic environment characterized by oxidative stress, lipid per-
oxidation, mitochondrial dysfunction and extensive hepatocellular death.!” Kupffer cells lead
to an inflammatory phenotype and secretion of inflammatory cytokines, such as IL-6, TNF-a
and IL-1B. In addition to Kupffer cells, other immune cells are recruited into the tissue, con-
tributing to the inflammatory profile.!® In this context, sinusoidal cells, as well as resident and
recruited immune cells, secrete pro-fibrotic factors, such as TGF- and reactive oxygen spe-
cies (ROS).* Such events stimulate fibrogenesis, since they activate the hepatic stellate cells,
responsible for the deposition of extracellular matrix, altering the liver parenchyma and liver
functionality.20:2!

Hepatic stellate cells immune-activated by cell infiltration and liver injury undergo a phenotyp-
ic transdifferentiation, and start to express actin smooth muscle (a-SMA).22 and to produce an
extracellular matrix component, such as I, III and IV.!323 The accumulation of collagen is accom-
panied by an imbalance between the consequences of tissue matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs). In murine fibrotic hybrids, the increase in
MMPs was accompanied by an increase in TIMP-1.24 This creates a direction for fibrogenesis in
the MMP/TIMP balance with a shift in MEC synthesis and therefore fibrogenesis.?*

Our results corroborated findings that the western diet promotes liver fibrosis in NAFLD pa-
tients and showed an increased fibrotic area in the OG?¢. After a single week of treatment, we
observed reduced fibrosis in the hepatic parenchyma. In vitro experimental model reports an
IL-6 decreasing in HepG2 cells, indicating the anti-inflammatory effect of IGF-1,2" also demon-
strated in mice CCl4 model, such as reducing oxidative stress and liver fibrosis,?® through acti-
vation of the AKT pathway, which our group observed in previous work on the heart.!!

Our data showed greater collagen deposition in the areas close to the portal triad, around the
central-lobular vein and in the perisinusoidal spaces, which coincided with the area marked
by a-SMA, an activated HSC marker (myofibroblast) in the OG. These results indicate that
the western diet triggered a lipotoxic inflammation responsible for the activation of the fi-
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