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Abstract

Purpose Aging is associated with changes in glucose homeostasis related to both decreased insulin secretion and/or impaired
insulin action, contributing to the high prevalence of type 2 diabetes (T2D) in the elderly population. Additionally, studies
are showing that chronically high levels of circulating insulin can also lead to insulin resistance. In contrast, physical exercise
has been a strategy used to improve insulin sensitivity and metabolic health. However, the molecular alterations resulting
from the effects of physical exercise in the liver on age-related hyperinsulinemia conditions are not yet fully established.
This study aimed to investigate the effects of 7 days of aerobic exercise on hepatic metabolism in aged hyperinsulinemic rats
(i.e., Wistar and F344) and in Slc2a4*'~ mice (hyperglycemic and hyperinsulinemic mice).

Results Both aged models showed alterations in insulin and glucose tolerance, which were associated with essential changes
in hepatic fat metabolism (lipogenesis, gluconeogenesis, and inflammation). In contrast, 7 days of physical exercise was
efficient in improving whole-body glucose and insulin sensitivity, and hepatic metabolism. The Slc2a4*~ mice presented
significant metabolic impairments (insulin resistance and hepatic fat accumulation) that were improved by short-term exer-
cise training. In this scenario, high circulating insulin may be an important contributor to age-related insulin resistance and
hepatic disarrangements in some specific conditions.

Conclusion In conclusion, our data demonstrated that short-term aerobic exercise was able to control mechanisms related to
hepatic fat accumulation and insulin sensitivity in aged rodents. These effects could contribute to late-life metabolic health
and prevent the development/progression of age-related T2D.
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Introduction

With the increase in life expectancy in recent decades,
metabolic alterations in late life are emerging [1]. A
common factor in aged individuals predisposed to type
2 diabetes (T2D) is insulin resistance [2]. A sedentary
lifestyle, age-related sarcopenia, high caloric diets, and an
obesogenic lifestyle are factors positively correlated with
insulin resistance and T2D development [3]. Moreover,
there is a close relationship between aging and metabolic
liver complications [4]. This metabolic stress in glucose
and fat metabolism is described to increase the circulat-
ing insulin levels as a compensatory mechanism to obtain
whole-body homeostasis [5]. However, this model fails
to explain the hyperinsulinemia presented in some indi-
viduals before the presence of insulin resistance [6, 7]. In
addition, chronically high levels of circulating insulin can
lead to insulin resistance and are associated with meta-
bolic disturbances associated with aging, obesity, T2D,
cardiovascular diseases, and cancer [7-11]. Nevertheless,
the impacts of hyperinsulinemia at the molecular level on
liver metabolism are not fully established.

The concentration of plasma insulin is regulated by its
secretion by pancreatic islets and clearance (mainly by
the liver, 50-80%) [12]. Thus, defects in insulin secre-
tion/clearance control may appear in response to genetic
and environmental factors, as well as aging [13—15]. The
liver is a critical organ in controlling glucose homeostasis
and fat metabolism, with an essential role of insulin that
inhibits gluconeogenesis and stimulates glycogen synthe-
sis and de novo lipogenesis (DNL) [16]. In an insulin-
resistant state, this inhibition in gluconeogenesis is defi-
cient, contributing to DNL, resulting in hyperglycemia and
hepatic fat accumulation [16]. Non-alcoholic fatty liver
disease (NAFLD) or metabolic-associated fatty liver dis-
ease (MAFLD) are both characterized by hepatic fat accu-
mulation, showing a positive correlation with metabolic
syndrome and a high frequency in aged individuals [4].
Interestingly, studies have shown that hyperinsulinemia
and glucose intolerance play roles in developing hepatic
steatosis, even in normal body weight patients [17]. Thus,
strategies to improve metabolic health and liver function
could be essential to prevent T2D development and the
progression of NAFLD to non-alcoholic steatohepatitis
(NASH) and cirrhosis.

Physical exercise is an effective strategy to improve
whole-body glucose homeostasis, including liver func-
tion and hepatic metabolism [18]. In addition, individu-
als with critical hepatic disturbances show significant
improvements when submitted to a physical exercise pro-
tocol, [18]. This beneficial effect is mediated by the indi-
rect impact on whole-body glucose and fat metabolism,
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but also by the direct effect on the liver tissue, control-
ling the hepatic insulin signaling pathway, gluconeogenic
enzymes, glycogen synthesis, and fatty acid metaboliza-
tion [19, 20].

Insulin triggers an intracellular signal through the
autophosphorylation of its membrane receptor (insulin
receptor) and subsequent cytoplasmic protein phospho-
rylation (Insulin receptor substrate—IRS, phosphoinositide
3-kinase—PI3K, protein kinase B—PKB/Akt) [21]. How-
ever, chronic insulin exposure or hyperinsulinemia can pro-
mote hepatocyte senescence [22, 23]. On the other hand,
cellular senescence is also an inductor of hepatic steatosis
[24]. Cellular senescence is caused by a variety of stress-
ors and could be one of the contributors to age-related dis-
ease, being characterized by irreversible proliferative cell
arrest, which is mediated by p53, p21, and p16 activation
[25]. These senescent cells have increased secretion of pro-
inflammatory markers and senescence-associated secretory
phenotype (SASP) mediating tissue dysfunction [25]. Inter-
estingly, cellular senescence can be targeted using senolytic
drugs (Dasatinib + Quercetin) in the context of hepatocyte
dysfunction [22, 24], but the effects of physical exercise in
this context are poorly explored. Then signaling pathways
that are altered in the context of aging, hyperinsulinemia,
and NAFLD may be potential targets to explore the effects
of physical exercise.

In summary, we speculate that a few physical exercise
training sessions would act on molecular mechanisms related
to cellular senescence, hepatic fat accumulation, and glucose
homeostasis in aged rodents with metabolic impairments.
Moreover, this exercise training protocol could contribute
to the understanding of mechanisms mediated directly by
physical exercise, and not due to alterations in body weight
and adiposity. Thus, the main objective of this study was
to investigate the effects of 7 days (short-term) of aerobic
physical exercise on hepatic metabolism in hyperinsulinemic
aged rats (Wistar and F344) and in Slc2a4*~ mice (hyper-
glycemic and hyperinsulinemic mice).

Results

Aged F344 and Wistar rats are hyperinsulinemic
and glucose intolerant independently of body
weight gain, but physical exercise counteracts this

To access the effects of aging dependent or not on increased
adiposity during aging, we looked at two aging models
that showed different body weight patterns during devel-
opment. First, a higher weight gain was observed during
17 months of development in Wistar rats than in F344 rats,
where the Abody weight between the 1st and 17th months
was significantly higher in Wistar rats (Figure S1A-C).
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After confirming these morphological differences between
the two species (Figure S1E and I), the aged animals were
submitted to a short-term swimming physical exercise pro-
tocol, which decreased fasting glucose in F344 rats com-
pared to aged sedentary animals and protected them from
the higher hyperinsulinemia and HOMA-IR observed in
aged F344 rats, independent of changes in the final body
weight (Fig. 1a—d). Positive effects of physical exercise
were also observed in the glucose and insulin tolerance
tests compared to sedentary-aged rats (Fig. le, f). When
the insulin signaling pathway was evaluated in the liver of

F344 rats, aged animals showed a significant reduction in
pIRY?”2, pIRS1Y6'2, pAktS*"3, and pGSK3pS® compared to
the young group (Fig. 1g). On the other hand, physical exer-
cise restored hepatic pIRS1Y6!2, pAktS*73 and pGSK3pS°
compared to sedentary-aged rats (Fig. 1h).

The same metabolic characteristics were observed in
Wistar rats without changing the fasting glucose levels
(Fig. 11, j). On the other hand, sedentary-aged Wistar rats
demonstrated higher fasting insulin and HOMA-IR but
impaired glucose and insulin tolerance compared to young
rats (Fig. 1k—-n). In contrast, exercised aged Wistar rats
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Fig. 1 Physiological and metabolic parameters in F344 and Wistar
rats. a Final body weight of F344 rats. b Fasting glucose. ¢ Fasting
insulin. d HOMA-IR index. e Glucose tolerance test curve (GTT)
and area under the curve (AUC). f Insulin tolerance test curve (ITT)
and area under the curve (AUC). g Insulin-signaling pathway pro-
teins (pIRY"7, pIRS1Y®'2, pAktS*’3, pGSK3p®) in the hepatic tis-
sue of young (n=4) and aged (n=5) F344 rats. h Insulin-signaling
pathway proteins in the hepatic tissue of aged (n=>5) and aged + exer-
cise (n=>5) F344 rats. i Final body weight of Wistar rats. j Fasting
glucose. k Fasting insulin. I HOMA-IR index. m Glucose tolerance
test curve (GTT) and area under the curve (AUC). n Insulin toler-
ance test curve (ITT) and area under the curve (AUC). o Insulin-

signaling pathway proteins (pIRY?’2, pIRS1Y6!2, pAktS473, pGSK3p%%)
in the hepatic tissue of young (n=4) and aged (n=5) Wistar rats.
p Insulin-signaling pathway proteins in the hepatic tissue of aged
(n=5) and aged+exercise (n=>5) Wistar rats. In the physiological
parameters and metabolic tests (a—f, i-n), n=7 was used. Data were
analyzed by one-way ANOVA followed by Tukey’s test (a—f, i-n),
two-way ANOVA followed by Sidak's test (e, f, n, 0), and unpaired
two-tailed Student’s ¢ test (g, h, o, p). *p<0.05 versus the young
group. #p<0.05 versus aged group. °p<0.05 young versus aged
group. ®p <0.05 aged versus aged +exe group. °p <0.05 young versus
aged 4+ exe group
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presented improvements in these parameters, with decreased
fasting insulin levels and HOMA-IR, and improved glu-
cose and insulin tolerance, with no change in body weight
(Fig. 1k—n). Regarding hepatic insulin-related proteins, aged
Wistar rats showed decreased pAkt3*’3 compared to young
rats but increased pAkt3*’3 and pGSK3p% in response to
physical exercise compared to sedentary-aged rats (Fig. lo,
p)- In summary, both aging models demonstrated significant
metabolic impairments and hyperinsulinemia, independently
of the specific morphological conditions of each one.

Hepatic lipogenesis signals are increased in F344
and Wistar-aged rats and attenuated by physical
exercise

Despite the lack of crucial changes in the histological sec-
tions among the F344 groups, aged F344 rats displayed a
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Fig.2 Hepatic fat metabolism in F344 and Wistar rats. a Repre-
sentative images of hematoxylin—eosin (H&E, x 10) and Oil Red
O (ORO, x 40) staining in the liver of F344 groups. b Hepatic TG
and cholesterol. ¢ Seric TG and cholesterol. d Liver mitochon-
drial respiration (n=4, 5, 5). e Fat metabolism-related proteins
(pPAMPK™72, pACCS™, SREBPI1, FAS) in the liver tissue of young
(n=4) and aged (n=5) F344 rats. f Fat metabolism-related proteins
(pAMPKTm, pACCS79, SREBPI1, FAS) in the liver tissue of aged
(n=5) and aged+exe (n=5) F344 rats. g Fat metabolism-related
genes (Cd36, Srebpl, Fas, Cptla, and Ppara) in the liver tissue of
young (n=5), aged (n=6) and aged+exe (n=6) F344 rats. h Rep-
resentative images of H&E and ORO staining in the liver of Wistar
rats. i Hepatic TG and cholesterol. j Seric TG and cholesterol. k Liver
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young (n=4) and aged (n=>5) Wistar rats. m Fat metabolism-related
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rats. In graphs b, ¢, i, j, n=7 was used. Data were analyzed by one-
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tailed Student’s 7 test (f, g, m, n). *p<0.05 versus the young group.
#p<0.05 versus aged group. The magnification bar (a, h) represents
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579 and increased SREBP1 were observed in the liver of aged

F344 rats compared to young animals (Fig. 2f). Physical
exercise was able to increase pACCS" and decrease FAS
content compared to sedentary-aged rats , with a trend to
decrease in SPREBP1 (p=0.06) (Fig. 2g). When comparing
the liver sections from Wistar rats, visible lipid accumula-
tion in the aged group was observed compared to young and
aged exercised groups, which was accompanied by higher
hepatic TG and cholesterol in the aged animals (Fig. 2h—j).
Sedentary-aged Wistar rats showed increased serum TG and
cholesterol compared to young rats. Furthermore, physi-
cal exercise decreased serum TG levels in the aged group,
with improved hepatic mitochondrial activity in response
to FCCP and rotenone (Fig. 2j, k). The mRNA levels of
Cd36 and Fas were increased in sedentary aged Wistar rats,
and physical exercise restored these values to lower levels
(Fig. 21). Exercised aged Wistar rats demonstrated higher
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Fig.3 Hepatic gluconeogenesis, inflammation, and senescent mark-
ers. a Pyruvate tolerance test curve (PTT) and area under the curve
(AUC) in F344 rats. b Gluconeogenic genes (G6pase, Pepck, and
Pc) in the liver of F344 rats. ¢ Representative Masson’s trichrome
images. d Collagen area quantification (n=3). e Seric ALT and AST.
f Inflammatory genes (Nfkb, Tnfa, and Ikk) in the hepatic tissue. g
Representative SA-p-Gal staining in the liver sections. h SA-$-Gal
staining area quantification. i Senescent markers (p21, p53, pI16) in
the hepatic tissue. j SASP markers (Ccl2, Ccl5, Cxcli2) in the hepatic
tissue. k Pyruvate tolerance test curve (PTT) and area under the curve
(AUC) in Wistar rats. 1 Gluconeogenic genes (G6pase, Pepck, and
Pc) in the liver of Wistar rats. m Representative Masson’s trichrome
images. n Collagen area quantification (n=3). o Seric ALT and AST.

Cptla mRNA content than sedentary-aged rats , with no
alterations in Srebpl and Ppara levels (Fig. 21). Hepatic
pACCS” was attenuated in aged compared to young Wistar
rats, but physical exercise increased its phosphorylation
compared to sedentary-aged rats (Fig. 2m, n). Moreover,
SREBPI and FAS content were reduced in response to phys-
ical exercise in aged rats (Fig. 2n).

Physical exercise regulates hepatic
gluconeogenesis, inflammation, and senescent
markers in aged F344 and Wistar rats

In response to pyruvate, the aged exercised F344 rats showed
a lower AUC than aged sedentary rats (Fig. 3a). Besides
the lack of difference between young and aged F344 rats
in the pyruvate tolerance test, the aged sedentary group
showed higher mRNA levels of hepatic G6pase, Pepck, and
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staining area quantification. s Senescent markers (p21, p53, pI16) in
the hepatic tissue. t SASP markers (Ccl2, Ccl5, Cxcl12) in the hepatic
tissue. The magnification bar in the histological images represents
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Pc, while physical exercise suppressed these gluconeogenic
genes (Fig. 3b). On the other hand, the aged Wistar rats
demonstrated higher glycemia during the pyruvate toler-
ance test than the young group, accompanied by increased
hepatic mRNA levels of G6pase, Pepck, and Pc (Fig. 3k,
1). When exercised, aged Wistar rats demonstrated attenu-
ation of the glycemic response after pyruvate injection and
decreased hepatic G6pase, Pepck, and Pc genes compared to
aged sedentary rats (Fig. 3k, 1). Regarding some markers of
hepatic damage and inflammation, aged F344 rats showed a
trend (p =0.06) to increase and aged Wistar showed higher
collagen deposition in the liver compared to their controls
(Fig. 3c, d, m, n). The F344 rats showed attenuated ALT and
AST serum levels when exercised compared to aged sed-
entary F344 rats (Fig. 3e). On the other hand, aged Wistar
rats showed higher ALT serum levels than young animals,
but physical exercise attenuated this parameter compared
to aged sedentary animals (Fig. 30). This was accompanied
by significant modulations in inflammatory markers (Nfkb,
Tnfa, and Ikk) in the hepatic tissue of F344 and Wistar rats
(Fig. 3f, p). In addition, both aged F344 and Wistar rats
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these genes in the liver of aged Wistar rats (Fig. 3s, t).

Physical exercise controls hyperglycemia,
hyperinsulinemia, and hepatic metabolism
in Slc2a4*'~ mice

Since we observed a hyperinsulinemic state in F344 and
Wistar rats and based on previous investigations [26], we
hypothesized that fasting hyperglycemia and hyperinsu-
linemia might be one crucial effector for insulin resist-
ance, affecting the hepatic metabolism. We then generated
whole-body Slc2a4 heterozygous mice (Slc2a*") with a
partial deletion of the GLUT4 transporter, that presents
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Fig.4 Physiological and metabolic parameters and hepatic fat
metabolism in Slc2a4™"~ mice. a Body weight in WT, Slc2a4*'"~
and Sic2a4*'~+Exe groups. b Fasting glucose. ¢ Fasting insulin.
d HOMA-IR. e Glucose tolerance test curve (GTT) and area under
the curve (AUC). f Insulin tolerance test curve (ITT) and area under
the curve (AUC). g Insulin-signaling pathway proteins (pAkt3*’>,
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mice. h Insulin-signaling pathway proteins (pAkt>*’3, pGSK3p%)
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50 um (x 40). j Hepatic TG and cholesterol. k Seric ALT and AST.
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1 Fat metabolism-related proteins (pAMPK''7>pACCS"/SREBP1/
FAS) in the liver tissue of WT (n=4) and Slc2a4*"~ (n=5) mice. m
Fat metabolism-related proteins (pAMPKT'7>pACCS"/SREBP1/
FAS) in the liver tissue of Slc2a4*~ (n=5) and Sic2a4*'~+Exe
(n=5) mice. N. Proposed model for the positive effects of physi-
cal exercise in controlling age-related hyperinsulinemia and hepatic
metabolism. In graphs A-F and J-K, n=5 was used. Data were ana-
lyzed by one-way ANOVA followed by Tukey's test (A-F, J, K), two-
way ANOVA followed by Sidak's test (E, F), and unpaired two-tailed
Student's ¢ test (G, H, L, M). * p<0.05 versus WT group. # p<0.05
versus Slc2a4*'~ group. a p<0.05 WT versus Slc2a4+~ group. b
p<0.05 Slc2a4*'~ versus Sic2a4*'~ +Exe group
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hyperglycemia and hyperinsulinemia without body weight
alterations and under a chow diet feeding (Fig. 4a—d). These
mice are glucose and insulin intolerant and have impaired
pAkt>*”? and pGSK3pS in the hepatic tissue compared
to Wild Type (WT) mice (Fig. 4e—g). Interestingly, physi-
cal exercise in these mice decreased fasting glucose and
insulin levels, improved glucose and insulin tolerance, and
increased hepatic pAkt>*’3 and pGSK3p%° compared to
Slc2a*'~, despite changes in body weight (Fig. 4A—H). The
Slc2a™~ sedentary mice showed higher hepatic TG content,
ALT, and AST, and a tendency to higher hepatic cholesterol
compared to WT. However, when exercised, Slc2a™™ mice
presented a decrease in all these parameters (Fig. 4i-k).
Decreased pAMPKTm, pACCS79, and increased SREBP1
and FAS were also observed in the liver of Slc2a™'~ seden-
tary mice compared to WT (Fig. 41). In contrast, physical
exercise tended to increase pAMPK ™72 (p =0.06), upregu-
late pACCS", and downregulate SREBP1 and FAS in the
hepatic tissue of Slc2a*~ mice (Fig. 4m).

Because we observed alterations in the hepatic metabo-
lism of hyperinsulinemic and aged rats, we also confirmed
the effects of prolonged insulin treatment in hepatocytes
(Figure S2A). HepG2 cells were treated with insulin
(100 nM for 24 h) and pIRS1Y°!%2, pAkt3*’3, SREBPI,
and FAS proteins were evaluated after another insulin
stimulus (20 nM for 15 min). The cells exposed to high
insulin showed impaired pIRS1Y%!2 and pAkt3*’3 but
also increased SREBP1 and FAS content (Figure S2B).
Moreover, in the presence of palmitate and high insulin,

A. Weight-matched
women subjects

, Basal Blood
Collection
(12 h fasted)

A\ \4 \4 v v
40-49 50-59 60-73

v

i * Fasting Glucose

‘ 4000 rpm, 10 min

these cells presented higher intracellular fat accumula-
tion compared to control cells (Figure S2C-E). Regarding
hepatic glucose production, the prolonged insulin treat-
ment increased mRNA levels of G6pase in the basal state
and after cAMP addition, as well as higher mRNA levels
of Pepck and Pc in response to cAMP and cAMP + Insulin
(Figure S2F, G). These data were accompanied by higher
glucose output from the hepatocytes in response to cAMP
and a tendency to increase glucose production in the basal
state (p =0.07) and after using cAMP + Insulin (p =0.06)
(Figure S2H).

ALT and AST are positively correlated with fasting
insulin in women subjects of different ages

Corroborating the data obtained from the animal mod-
els, the serum AST levels in weight-matched (57-62 kg)
women (Fig. 5a—c), with distinct ages (20-29: n=13;
30-39: n=12;40-49: n=9; 50-59: n=13; 60-73: n=10)
were positively correlated (R=0.322, p=0.014) with the
fasting glucose levels (Fig. 5d), and both serum ALT
and AST levels were positively correlated (R =0.304,
p=0.021; R=0.262, p=0.048) with the fasting insulin
levels (Fig. 5e). On the other hand, there were no signifi-
cant correlations of ALT and AST with age, body weight,
or % fat mass (Fig. 5f-h). Then increased circulating insu-
lin levels may be correlated with hepatic alterations in
humans, independent of body weight changes.
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Fig.5 Human parameters correlations with serum ALT and AST.
a Schematic figure of the serum sample collection from weight-
matched women subjects. b Number of individuals by age (20-29,
30-39, 4049, 50-59, and 60-73). ¢ Body weight of the individuals.
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d-h. Pearson correlations of ALT and AST serum enzyme levels in
human samples with fasting glucose (d), fasting insulin (e), age (f),
body weight (g), and % fat mass (h). A number of 57 individuals was
utilized

@ Springer



822

Journal of Endocrinological Investigation (2023) 46:815-827

Discussion

Hyperinsulinemia is positively correlated with NAFLD,
insulin resistance, and T2D development. Whether hyper-
insulinemia is a primary effector or a consequence of
insulin resistance may depend on each individual, since
epigenetic mechanisms could lead to hyperinsulinemia
before alterations in basal glucose levels [9]. Understand-
ing this process may be essential to avoid insulin resist-
ance development during aging. This study observed that
aging associated or not with increased adiposity leads to
hyperinsulinemia and negative hepatic modulations. A
genetic model of hyperglycemia and hyperinsulinemia
also displayed hepatic fat accumulation and liver insu-
lin resistance. However, when these rodent models were
exercised, positive effects were observed on whole-body
glucose homeostasis and hepatic metabolism.

Insulin is a crucial hormone involved in the control
and metabolization of metabolic substrates, and defects
in insulin signaling may contribute to hyperglycemia
and lipogenesis. The cause of insulin resistance could be
attributed to environmental, dietary, and genetic factors,
etc. Furthermore, changes in the beta-cell function and
structure may be compromised in response to aging, lead-
ing to compensatory insulin secretion and hyperplasia of
this endocrine organ [27, 28]. However, the continuous
delivery of insulin induces its desensitization [29-31].
Therefore, hyperinsulinemia may act as a prior effector
for insulin resistance development in some cases. In non-
diabetic obese individuals, insulin hypersecretion is more
prevalent than insulin resistance [32]. Moreover, in mice
fed with a high-fat diet, hyperinsulinemia is necessary
to induce body and hepatic fat accumulations [33]. The
main factor involved in the control of insulin levels is the
secretion and clearance of this hormone, a mechanism that
could be affected by aging. However, data on the control
of insulin levels with aging are still inconclusive [34-36].
Therefore, the homeostatic control of pulsatile insulin
secretion is essential to provide the metabolic effects of
insulin, and sustained insulin secretion may contribute to
insulin resistance and appear before changes in glycemia.
In this study, age-related hyperinsulinemia was associated
with hepatic metabolic disturbances, but physical exercise
counteracted the negative effect of prolonged high insulin
exposure.

In the Relationship between Insulin Sensitivity and Car-
diovascular disease (RISC) study, the subjects with hyper-
secretion of insulin showed a tendency to be older, with
higher fat mass, a harmed lipid profile, and hepatic insulin
resistance [37]. In animal models, high insulin circulating
levels were observed in F344 and Wistar-aged rats com-
pared to young rats, accompanied by glucose intolerance
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and decreased hepatic insulin sensitivity. These findings
occurred without changes in the fasting glucose levels,
but with a visible discrepancy in the morphology of these
rat models [26] since Wistar rats have increased body fat
accumulation with aging. In contrast, physical exercise
efficiently controlled hyperinsulinemia, glucose and insu-
lin tolerance, and hepatic insulin sensitivity.

Due to the positive correlation between hyperinsuline-
mia and NAFLD [17, 38-40], we observed aging-induced
hyperinsulinemia effects in the hepatic tissue. Aging caused
significant hepatic changes in F344 and Wistar rats; how-
ever, we did not observe a pattern of molecular alterations
in these models. In aged F344 rats, the liver contents of
pAMPKT™!72 and pACCS” were reduced, while SREBP1
was increased compared to young rats. Also, the amount of
hepatic TG tended to be higher (p =0.06) with no changes
in the cholesterol. In contrast, serum TG and cholesterol
were higher in aged F344 rats. When we analyzed Wistar
rats, aging increased hepatic and serum TG and cholesterol,
with an impairment only in the pACCS”. These divergences
may be related to the difference in the genetic background
in F344 (isogenic) and Wistar (heterogeneous) rats and dis-
tinct proteins involved in hepatic fat accumulation, which
are dysregulated by aging. The positive effects of physical
exercise were observed in the attenuation of some lipogenic
markers (SREBP1 and FAS) and upregulation of lipid oxi-
dation markers (pACCS79, Cptla, and Ppara), resulting in
better control of lipid metabolism and hepatic fat accumula-
tion. To establish causality and to study the direct effects of
prolonged insulin treatment in hepatocytes, we incubated
HepG?2 cells with high insulin. It was found with impaired
pIRS1Y612 and pAkt3#"3. Also, there was an increase in lipo-
genic proteins (SREBP and FAS) and higher intracellular
lipid accumulation in this in vitro model of hyperinsuline-
mia. Moreover, in response to hyperinsulinemia, HepG2
cells showed increased gluconeogenic genes (G6pase,
Pepck, and Pc) and increased glucose output.

Regarding hepatic glucose production, aged F344 rats
presented normal pyruvate tolerance but increased hepatic
mRNA for gluconeogenic markers (G6pase, Pepck, and
Pc). On the other hand, aged Wistar rats presented pyruvate
intolerance and increased hepatic gluconeogenic markers,
suggesting elevated gluconeogenesis in the liver of these
animals. In F344, a few regions of collagen deposition in the
liver with aging and increased Nfkb and Tnfa mRNA were
observed compared to young F344 rats, with no changes in
the ALT and AST enzymes. In the Wistar rats, collagen in
the liver sections with aging was more severe, accompanied
by increased Nfxb, Tnfa, and Tkk mRNA, as well as ALT.
Thus, it is understandable that aging associated with hyper-
insulinemia and increased body adiposity may worsen meta-
bolic health and hepatic metabolism. Furthermore, necessary
molecular signatures were observed in the liver of F344 rats,
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which are leaner than Wistar rats when old. Nevertheless,
both aged models submitted to physical exercise presented
improved pyruvate tolerance, gluconeogenic markers, and
liver inflammation, demonstrating that physical exercise is
essential to improve hepatic metabolism, independently of
the body adiposity.

To further investigate the role of hyperinsulinemia in
hepatic metabolism, we used Slc2a4*'~ mice that display
hyperglycemia and hyperinsulinemia. These mice presented
glucose and insulin intolerance, accompanied by decreased
insulin sensitivity in the liver. We also observed increased
hepatic TG, ALT, and AST, decreased pAMPKT172 and
pACCS”, and increased SREBP1 and FAS in the liver of
Slc2a4™~ mice compared to WT. When submitted to physi-
cal exercise, all these metabolic and molecular signatures
were negated, confirming the importance of physical exer-
cise in the control of hyperinsulinemia and its consequences.

The role of physical exercise in the control of hepatic fat
accumulation is well established [18]. However, the effectors
responsible for initiating the signal to a lipogenic program in
the liver are still debated. The efficiency of hepatic insulin
signaling may be essential to maintain whole-body homeo-
stasis. Liver-specific insulin receptor knockout (LIRKO)
mice have age-related liver dysfunction and hepatic insulin
resistance [41]. In addition, when submitted to a high-dose
hyperinsulinemic-euglycemic clamp, LIRKO mice showed
extrahepatic (muscle and fat) insulin resistance [42]. Other
factors such as high caloric intake and aging contribute to
hepatic insulin resistance mediated by pro-inflammatory
cytokines secreted by adipose tissue [43, 44] that is also
counteracted by a physical exercise program [45]. There
are essential mechanisms involved in this regulation that
has already been well described and recently revised [3].
The translation of these results to humans is observed in
cohort studies where hyperinsulinemia was correlated with
NAFLD. Studies involving patients without diabetes or with
unchanged transaminases observed a positive association
between hyperinsulinemia and NAFLD [38, 39]. Insulin lev-
els correlate with hepatic lipid accumulation, where NAFLD
individuals showed higher intrahepatic insulin levels than
healthy controls, suggesting lower hepatic insulin clearance
in NAFLD [40].

Several recent works have shown hyperinsulinemia as an
inductor of cellular senescence and the contribution of this
scenario to hepatic steatosis [22, 24]. Interestingly, these
aging-associated metabolic disorders could be partially cor-
rected by changes in the feeding pattern (dietary restriction) or
senolytic drugs (Dasatanib + Quercetin). Here, we have shown
that short-term physical exercise was effective in decreasing
markers of cell senescence and SASP in the liver of old rats.
Future works should investigate the combination of senolytic
therapies and exercise to evaluate the safety and efficiency to
decrease biological age and promote positive metabolic effects.

Besides the environmental factors (diet, smoke exposure, inac-
tivity, etc.), the genetic factors predisposing hyperinsulinemia
in humans may also play an expressive role in the progression
of type 2 diabetes and hepatic fat accumulation [46, 47].

In this scenario, patterns of liver transcriptome and the
use of high-throughput genome-wide association studies
(GWAYS) in patients with hyperinsulinemia will provide a
better understanding of the epigenetic regulations related to
this phenotype [48]. Identifying early indicators of type 2
diabetes could be crucial for determining insulin resistance
and T2D development. Therefore, here we demonstrate in
a singular way that short-term physical training was able
to reduce the deleterious effects of aging and hyperinsu-
linemia on hepatic metabolism in rodents. It is important
to emphasize that previous works investigating the role of
physical exercise in this scenario may have confounding fac-
tors, such as experimental diets and changes in body weight
and adiposity [49-51]. Moreover, it is important to high-
light that we found physiological and hepatic disturbances
in both aged models (F344 and Wistar), which have distinct
adiposity profiles with aging. These differences in adiposity
with aging could be related to specific hormonal changes,
molecular signatures, or genetic variations that are respon-
sive to the presence of senescent cells [52, 53]. This fact
highlights the role of aging in the induction of insulin resist-
ance, hyperinsulinemia, and hepatic damage independently
of body fat accumulation. Conversely, short-term physical
exercise was effective in restoring insulin sensitivity and glu-
cose homeostasis, as well as improving hepatic metabolism.

Conclusion

In summary, we conclude that short-term aerobic exercise
training is an effective strategy to control age-related hyper-
insulinemia in animal models, improving hepatic metabolic
pathways (insulin sensitivity, lipogenesis, gluconeogenesis,
inflammation, and cellular senescence) (Fig. 4n). Further
investigations aiming at other physical exercise programs in
aged individuals will contribute to the field, providing new
evidence about the role of hyperinsulinemia in the develop-
ment of hepatic fat accumulation and T2D. Thus, physical
exercise practice must be debated as an essential strategy
with low cost to improve metabolic health in late life, pre-
venting diseases potentiated by insulin resistance.

Experimental procedures
Experimental animals
Male Wistar and F344 rats were obtained from the Cen-

tral Animal Breeding Center of the University of Campi-
nas. Rats of 17 months of age were considered for the aged
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groups, which corresponds to 60 years of age in humans
[54]. The animals were distributed into (1) young, 5-month-
old sedentary rats; (2) aged, 17-month-old sedentary rats;
(3) aged +exe, 17-month-old exercised rats. A pair of TAL-
ENs targeting exon 4 of the mSic2a4 gene (NM_009204.2)
was used to generate the Slc2a4 knockout mice (Cyagen®).
Heterozygous Slc2a4 mice (Slc2a4*'~) were obtained by
crossing Slc2a4™'~ females (homozygous) with Wild-Type
males. The Indels (insertions/deletions) were confirmed by
DNA extracted from the tail, followed by PCR amplifica-
tion and DNA Sanger sequencing (Figure S3). The following
reverse primer was utilized: mSlc2a4-R: 5'-GCCGAGGAT
AGCTGCATATTCCA-3'; product size: 466 bp; annealing
temperature: 59 °C. The male Slc2a4*~ mice were distrib-
uted into (1) Wild-Type (WT), 8-month-old sedentary mice;
(2) Sic2a4*'~, 8-month-old sedentary mice, (3) Slc2a4*'~,
8-month-old exercised mice. All the animals were condi-
tioned in cages with free access to water and a standard diet
(Nuvilab®) at 22 °C. The Ethics Committee of UNICAMP
approved the experimental procedures (4531-1, 5107-1,
5003-1).

Short-term swimming exercise

The Wistar and F344 rats were submitted to an aerobic short-
term swimming exercise in plastic barrels (45 cm diame-
ter, ~34 °C). Short-term physical exercise protocols provide
a better understanding of the effects of physical exercise with
a minimum change in body weight and adiposity observed in
the experimental groups. Therefore, the rats were adapted to
the swimming exercise for 5 days (10 min/day) and submit-
ted to 7 days of swimming exercise as previously reported
[55]. The physical exercise sessions were composed of 4
bouts of 30 min, separated by 10 min of rest (2 h of physi-
cal exercise). In both models, an attached load of 1.5% g of
body weight was utilized in the 2nd, 3rd, and 4th bouts to
normalize the differences in the body weight between Wistar
and F344 rats. The physiological tests and tissue extraction
were performed 16 h after the physical exercise session, with
a 6 h fasting period, as detailed in Figure S4.

Short-term treadmill exercise

The Slc2a4*'~ mice were submitted to the short-term tread-
mill exercise. First, mice were adapted to the treadmill
(AVS Projetos®, Sio Carlos, Brazil) for 5 days at 10 m/min
for 10 min, following the incremental load test (ILT). The
ILT was performed at the intensity of 3 m/min with incre-
ments of 3 m/min every 3 min until the animal’s exhaustion.
After identifying each mouse’s exhaustion, the exhaustion
velocity (EV) was utilized to prescribe the physical exer-
cise intensity. The Slc2a4™'~mice were submitted to 7 days
of treadmill exercise with 60% of the EV for 60 min. The
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physiological tests and tissue extraction were performed 16 h
after the physical exercise session, with a 6 h fasting period,
as detailed in Figure S4.

Serum analysis

Sixteen hours after the physical exercise sessions, blood was
collected from the tail to obtain the serum and stored at
— 80 °C. Triglycerides (TG), cholesterol, alanine transami-
nase (ALT), and aspartate transaminase (AST) were meas-
ured using commercial colorimetric kits (Laborlab®, Sao
Paulo, Brazil). B-Hydroxybutyrate levels were measured
using a colorimetric kit (Cayman Chemical®, Ann Arbor,
MI, USA). Insulin circulating levels were evaluated by
enzyme-linked immunosorbent assay (RayBiotech®, Nor-
cross, GA; #ELM-Insulin). The Homeostatic Model Assess-
ment of Insulin Resistance (HOMA-IR) index was calcu-
lated using the fasting glucose and insulin levels from the
same moment [fasting plasma glucose (mmol/L) X fasting
plasma insulin (pU/mL)/22.5].

Insulin tolerance test (ITT), glucose tolerance test
(GTT), and pyruvate tolerance test (PTT)

With a 6 h fasting period and 16 h after the physical exer-
cise sessions, tail blood was collected to obtain the fasting
glycemia and 0’ of the GTT (Accu-Chek glucometer, Roche
Diagnostics®). After determining the basal glucose values, a
25% glucose solution was intraperitoneally injected at 2 g/
kg, followed by glucose measurements at 30', 60', and 120’
after injection.

The ITT was performed in the same condition (6 h fast-
ing period and 16 h after physical exercise sessions) with an
intraperitoneal injection of 0.3% insulin (Humulin R; Lilly®,
Indianapolis, IN, USA) at 1.5 U/kg. The glucose values were
obtained at 10’, 15’, 20’, 25°, and 30’ after the insulin stimuli.

The PTT was also performed after 6 h of fasting and 16 h
after physical exercise sessions. Sodium pyruvate (25%) was
intraperitoneally injected at 1.5 g/Kg after determining the
basal glucose values. Glycemia was measured 30’, 60’, and
120" after pyruvate injection. After all of these tests, the
animals were returned to the cage and monitored for the
rest of the day.

Tissue extraction and molecular analysis
(immunoblotting and RT-qPCR)

Sixteen hours after the last physical exercise session (6 h
fasted) and anesthesia (90 mg/kg ketamine chloralhydrate
and 10 mg/kg xylazine), the hepatic tissue was removed and
stored (— 80 °C) for future analysis. To evaluate the insu-
lin pathway-related proteins, insulin was intraperitoneally
injected (10 U/kg) 10 min before the tissue extraction. The
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adipose tissue from different regions (ingWAT, pgWAT,
retroWAT, meseWAT, and BAT), gastrocnemius skeletal
muscle (Gastro.), heart, spleen, and kidney were removed
for tissue weighting.

The immunoblotting analysis was performed by hepatic
tissue homogenization with protein extraction buffer
using TissueLyser II (Qiagen®). Next, the lysed samples
were centrifuged at 12,000 rpm at 4 °C for 15 min, and
the supernatant was obtained to measure the total protein
sample content (bicinchoninic acid method). Approximately
30 pg of each sample with Laemmli 6 X were submitted to
SDS-PAGE to separate the molecular weights. The gels
were transferred to nitrocellulose membranes and blocked
with 5% milk (50 min, room temperature). The protein load-
ing and transfer were checked with Ponceau S-Stain. The
Ponceau was washed and the membranes were incubated
with the following primary antibodies (4 °C overnight):
pIRP (Y972) #GTX25678 from GeneTex®; pIRS1 (Y612)
#sc-17195, IRS1 #sc-559, FAS #sc-48357 from Santa Cruz
Biotechnology®; SREBP-1/2 #bs-1402R from Bioss®; IRp
#3025, pAkt (S473) #4060, Akt #4685, pGSK3p (S9) #9322,
GSK3p #5676, pAMPKa (T172) #50081, AMPKa #2532,
pACC (S79) #3661, ACC #3662, B-actin #3700, GAPDH
#2118, vinculin #4650, a-tubulin #2144 from Cell Signal-
ing Techonology®. After incubation with a specific primary
antibody, the membranes were incubated with respective
secondary antibodies (rabbit or mouse, 50 min at room
temperature) and labeled with chemiluminescence reagent
(ECL), and acquired with G:Box XRS5 (Syngene®, Frederick,
MD, USA). Densitometry was measured with UN-SCAN-IT
gel 6.1° software.

In the quantitative real-time polymerase chain reaction
(RT-qPCR) analysis, the complementary DNA (cDNA)
was obtained from hepatic RNA. A hepatic tissue fragment
(~30 mg) was lysed in Trizol (Life Technologies®, USA)
and submitted to the RNA extraction protocol. cDNA (2 ug)
was synthesized using High-Capacity cDNA Reverse Tran-
scription Kits (Applied Biosystems®, Forest City, CA) and
subjected to RT-qPCR using 100 ng cDNA, 150 nM prim-
ers, and iTaq Universal SYBR Green Supermix (Bio—Rad®,
Hercules, CA, USA) in the 7500 Fast Real-Time PCR Sys-
tem (Applied Biosystems®, Forest City, CA). The AACt was
evaluated for normalizing the genes by a housekeeping gene
(Actb). The primer sequences are listed in Table S1.

Histological analysis and hepatic fat measurement

In the tissue extraction, small fragments of hepatic and
adipose tissues were fixed in 4% PFA solution for 24 h,
dehydrated, embedded in paraffin, and sliced (10 pM) in
a microtome (Leica®, RM2145). The slides were hydrated
and stained with hematoxylin—eosin (H&E) or Masson’s
trichrome. The images were acquired and the blue area

(collagen) was quantified using ImagelJ software. Another
fragment of hepatic tissue was frozen in pre-cooled isopen-
tane followed by cryopreservation at — 80 °C. These frag-
ments were cut (10 pM) in a cryostat (Leica®, CM1850) and
placed in adhesion slides. The slides were stained with Oil
Red O solution (ORO, Sigma Aldrich®, St. Louis, MO) for
25 min and with hematoxylin for 2 min, followed by 30 min
of washing. The slides were sealed using gelatin:glycerin
solution and the images were obtained. Another set of slides
was fixed with 0.2% glutaraldehyde in PBS for 10 min,
washed, and incubated with the senescence-associated
expression of B-galactosidase (SA-p-Gal) staining solution
overnight at 37 °C (ab65351, Abcam®). The slides were
washed with PBS and counterstained with hematoxylin,
washed again, and sealed. All the images were acquired in an
optical microscope (LAB2000, LABORANA®, Sio Paulo,
Brazil) with Moticam Pro 282B 5.0 megapixels (Motic®,
Hong Kong, China).

The hepatic TG and cholesterol were measured with a
calorimetric kit (Laborlab®, Séo Paulo, Brazil) by previous
lipid extraction in the liver tissue using the Folch method
(56).

High-resolution respirometry

The hepatic oxygen consumption was measured using Oxy-
graph-2k (Oroboros Instruments®, Innsbruck, Austria) as
described before [57]. Approximately 50 mg of liver tissue
was homogenized in 500 pL of mitochondrial respiration
medium (MIR) using pestles. The samples were added to the
equipment chambers at 37 °C. After that, malate (0.5 mM),
glutamate (10 mM), and pyruvate (5 mM) were injected first,
followed by ADP (2.5 mM) to measure complex I-dependent
respiration. Succinate (10 mM) was added to evaluate the
combined Complex I and II respiration. The mitochondrial
coupling was analyzed by adding ATP synthase inhibitor oli-
gomycin (2.5 mM) and mitochondrial uncoupling by adding
FCCP (0.5 mM). Finally, the Complex II-mediated respira-
tion was measured by adding Complex I inhibitor rotenone
(0.5 uM).

Statistical analysis

To analyze the significant differences among the groups,
the distribution of the data was evaluated by the Shap-
iro—Wilk test. The comparison between the two groups was
analyzed using the Student’s ¢ test or Mann—Whitney test.
Comparing three groups was analyzed by one-way ANOVA
followed by Tukey’s post-hoc test for normal distribution.
In the time-dependent data (GTT, ITT, PTT), two-way
ANOVA followed by Sidak’s post-hoc was adopted using
simple effect within rows analysis. The statistical signifi-
cance was assumed when p <0.05. The graphics illustrate
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the mean =+ standard error of the mean (SEM). The Graph-
Pad Prism 8.0.1® software was utilized for data statistical
analysis and graphing.
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