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Abstract
Results of epidemiological studies show that obesity and type 2 diabetes mellitus have become a public health concern globally,
which has substantial health, social and economic impacts. A common characteristic of human obesity and type 2 diabetes is insulin
resistance, which a given amount of insulin produces less than normal physiological responses, usually demonstrated as diminished
glucose lowering effect of insulin. Daily feeding cycles lead to the variations of nutrient and hormone levels. Insulin from pancreatic
β-cells acts on the liver to control short-term and long-term metabolic homeostasis. The long-term effects of insulin can be attributed,
partially, to insulin-regulated expressions of genes involved in glucose and lipid metabolism. In an insulin-sensitive liver, insulin
suppresses expressions of gluconeogenic genes, and increases expressions of lipogenic genes. In an insulin-resistant liver, insulin fails
to suppress expressions of gluconeogenic genes, while expression levels of lipogenic genes are elevated. This may cause a vicious cycle
that drives β-cell failure and over diabetes. Using sterol-regulatory element binding protein 1c (Srebp-1c) and phosphoenolpyruvate
carboxykinase (Pck1) genes as model genes of insulin-regulated expression, we found that insulin failed to regulate their expressions
in primary hepatocytes from Zucker fatty rats fed ad libitum, and Zucker lean rats after over-eating. For the first time, we observed the
presence of hepatic insulin resistance at gene expression (HIRAGE). This review was aimed to summarize the current understanding
of insulin-regulated hepatic gene expression. It focuses on the potential roles of nutrient fluxes in the development of HIRAGE, which
is supported by clinical observations of bariatric surgery studies. It argues that a transient and dynamic HIRAGE exists after overnutrition and precedes a systemic insulin resistance in a wildtype animal. The underlying mechanisms of HIRAGE may help us to
identify intervention points for the prevention and treatment of hepatic insulin resistance and type 2 diabetes.
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Introduction
The International Diabetes Federation reported 463
million diabetic adults globally in 2019 [1]. In the United
States alone, 34.1 million people have diabetes according
to the National Diabetes Statistical Report 2020 by the
Center for Disease Control and Prevention [2]. These
numbers can increase further in the future [3,4]. The high
obesity prevalence in the United States population [5] also
predicts a rise of patients with type 2 diabetes mellitus in
the future [6], showing the risk in children and adolescents
[7]. Due to morbidity and mortality of diabetes, the social
and economic costs have been substantial [8,9]. With the
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development of biotechnology, obese gene [10], and other
genes potentially contributing to type 2 diabetes [11] have
been gradually determined. In addition, environmental
factors such as gut microbiota have also been implied for
chronic diseases [12]. Another important factor for type
2 diabetes is nutrition, the sum of all the biochemical
reactions occurring to nourish an organism, showing the
multifactorial nature of type 2 diabetes.
The history of understanding diabetes is a long list of
sentimental discoveries [13,14]. The early studies linked
the pancreas (an organ) to diabetes (a disease), and then
insulin from the pancreas (a hormone) to the treatment of
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diabetes. These have shaped our views of development of
not only diabetes, but also other diseases in general [14].
Two types of patients requiring dramatically different
amounts of insulin to control glucose indicated two types of
diabetes, sensitive and resistant ones [15]. This happened
more than two decades before the radioimmunoassay
of insulin [16]. Patients with type 2 diabetes are insulin
resistant, which a given amount of insulin produces less
than normal physiological effects [17].
Insulin resistance has been studied extensively at
systemic, organ, tissue and cellular and molecular levels
[18,19]. Overnutrition plays an essential role in the
development of chronic metabolic diseases such as obesity
and type 2 diabetes. For subjects without genetic defects,
the development of insulin resistance and type 2 diabetes
is a graduate process. How the transition from an insulinsensitive state to an insulin-resistant state occurs, and
what the roles of nutrients are in the process have not been
fully understood. Here, we try to summarize the current
understanding of insulin-regulate gene expression in
the liver, and describe a phenomenon of hepatic insulin
resistance at gene expression (HIRAGE), which may be
linked to overnutrition.

Insulin Signaling and Resistance
As shown in Figure 1, insulin secreted from pancreatic
β-cells after feeding regulates glucose, lipid and protein
metabolism [20]. It acts with dietary nutrients on
the liver first via portal vein and then to other parts
of the body [21]. As shown in Figure 2, insulin signal
is mediated by its receptor in the cell membrane and
intracellular components of signal transduction cascades
[22]. The signaling transduction begins when insulin
binds to its cell surface receptor [23], which is followed

by phosphorylation and dephosphorylation of proteins
in cytosol and membranes [22,24]. For example, insulin
receptor tyrosine kinase phosphorylates insulin receptor
substrates [25], which recruit additional proteins through
protein-protein interactions to transduce insulin signal
[26]. These proteins include the regulatory subunits of
phosphatidylinositol 3-kinase, growth factor receptorbound protein 2, and protein tyrosine phosphatase-2 [27].
Additional players include member in phosphatidylinositol
3-kinase/protein kinase B (also known as Akt), and GRB2/
mitogen activated protein kinase pathways [28-30]. The
coordinative actions of these players eventually lead to
short-term (in minutes) and long-term (in hours) changes
of activities and expression levels of proteins, respectively.
The evaluation of insulin sensitivity and resistance has
been relied on ability of insulin to control blood glucose.
In vivo, insulin secretion and sensitivity/resistance have
been calculated by clamp techniques that usually last 2
hours [31]. Glucose is infused to achieve hyperglycemia
for the measurement of plasma insulin level. To determine
insulin sensitivity, insulin is infused while glucose level
is held at constant for the estimations of glucose usage
in peripheral tissues and the hepatic glucose production
[31]. The hyperinsulinemic-euglycemic clamp is used to
estimate hepatic glucose production by calculating the
rates of glucose uptake and metabolism in individual
tissues [32]. Additionally, rapid insulin sensitivity test,
and intravenous insulin tolerance test have been used to
determine insulin sensitivity [33]. These methods allow
the measurements of those parameters accurately within
the 2-hour window. Another popular method using fasting
glucose and insulin data is called homeostatic model
assessment [34].
Recently, real-time and continuous blood glucose
monitoring has been used for patients in non-hospital

Figure 1: Nutritional and hormonal factors regulating liver metabolism and insulin action in it. Food intakes lead
to rise and fall of plasma levels of nutrients (glucose, amino acids, and lipids) and pancreatic hormones (insulin and
glucagon) every day. Insulin stimulation regulates the enzyme activities in the short-term through modifications and
in the long-term via gene expressions. The development of obesity and type 2 diabetes is associated with insulin
resistance in the liver, which shows elevations of hepatic gluconeogenesis and lipogenesis.
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settings. The United States Food and Drug Administration
approved the first continuous glucose monitoring system
for diabetic subjects without further confirmation with
results from other devices in 2016 [35]. Several types of
real-time continuous glucose monitoring with different
characteristics are available for clinical uses [36]. They are
helpful to manage glucose [37], and to apply personalized
nutrition strategies in patients with type 2 diabetes [38].

The Hepatic Responses to Insulin
As shown in Figure 1, the liver receives blood flows
from the portal vein bringing dietary nutrients from the
gastrointestinal tract and hormones from pancreas, and
from the hepatic artery carrying chylomicron remnants
and endogenous metabolites. Insulin works coordinatively
with nutrients and other hormones to regulate the hepatic
metabolism. For the short-term, insulin stimulation
leads to covalent modifications and allosteric regulations
of enzymes responsible for fuel metabolism [20,22].

For example, insulin alters the phosphorylation and
dephosphorylation states of glycogen synthase and
phosphorylase, which determine their activities to store
and release glucose, respectively [39,40].
For the long-term, insulin regulates expressions of hepatic
genes involved in glycolysis, glycogenesis, lipogenesis (lipid
biosynthesis), and gluconeogenesis (glucose production)
[41]. As shown in Figure 2, insulin works together with
dietary signals to change the activation states of signaling
transduction components and transcription of genes in
the liver. The outcomes are the increases of glucose to be
stored as glycogen and used to produce acetyl-CoA for
the conversion into fatty acids and cholesterol, which are
eventually incorporated into very-low density lipoprotein
as triacylglycerol and cholesteryl esters, respectively.
Insulin increases the expression of glucokinase gene (Gck)
[42,43], the enzyme responsible for the first step of the
hepatic glycolysis. It inhibits the expression of the cytosolic
form of phosphoenolpyruvate carboxykinase gene (Pck1)

Figure 2: Potential impact points of dietary nutrients on insulin actions in a hepatocyte. The influxes of dietary
nutrients trigger entries of nutrients into the liver and secretion of insulin. Insulin binds to its receptor (IR) to initiate
a signaling pathway that can regulate glucose and lipid metabolism via alteration of enzymatic activities in the shortterm and gene expression in the long-term. For glucose metabolism, insulin increases conversions of glucose into
pyruvate in glycolysis and into glycogen. At the same time, the hepatic gluconeogenesis is suppressed. Pyruvate
is converted into acetyl CoA, which is used for the synthesis fatty acids (FAs) and cholesterol. FAs can come from
lipogenesis, free FAs and lipoproteins in the plasma. FAs can be utilized through β-oxidation to generate acetyl CoA,
and then ketones. Insulin promotes lipogenesis that converts glucose into FAs. FAs are esterified into triacylglycerol
(TG). TG and cholesteryl esters are incorporated into very low-density lipoprotein (VLDL) which is secreted from the
hepatocytes and delivered to other parts of the body. Dietary nutrients may modulate insulin signal transduction and
insulin-regulated transcription in a hepatocyte. These points deserve to be studied in the future.
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[44] and glucose 6-phosphatase catalytic subunit gene
(G6pc) [41], the first and last enzymes for gluconeogenesis,
respectively. For the hepatic lipid metabolism, insulin
increases the mRNA level of sterol regulatory elementbinding protein 1c gene (Srebp-1c) [45], a key inducer of
hepatic lipogenesis [46].

The Hepatic Insulin Resistance at Gene
Expression (HIRAGE)
The daily food intakes in meals bring macronutrients and
micronutrients into the body. This causes rise and fall of
plasma nutrient and hormone levels. The liver responds
to these changes such as glucose and insulin accordingly,
at least in part, through alterations of expression levels of
hepatic genes involved in the glucose and lipid metabolism.
These changes occur in a cyclic and balanced manner on
a daily basis, indicating the transit and dynamic nature
of the process. Depending on types and amounts of those
nutrients, developmental stages of an organism and
disease states, these changes may be disrupted either
temporarily or permanently. When temporary changes
are modified and allowed to last longer than the period of
the daily feeding cycle, the nutrient influxes coming with
the next feeding cycle may change the hepatic metabolism
dramatically, and lead to systemic insulin resistance. When
this occurs, interventions are needed to bring the cycle
back or establish a new balance to prevent the progression
of diseases.
With the development of insulin resistance, profound
changes of hepatic lipid and glucose metabolism occur [17],
which are associated with alterations of insulin-regulated
hepatic genes [18,47,48]. In an insulin-sensitive liver,
insulin suppresses genes for gluconeogenesis and increases
those for glycolysis and lipogenesis (Figure 2). In an
insulin-resistant liver, hyperinsulinemia fails to suppress
expressions of gluconeogenic genes, but is associated with
elevated expressions of lipogenic genes [17,18]. Here, the
expression levels of both gluconeogenic and lipogenic
genes are elevated [47]. This accelerates systemic insulin
resistance as hyperglycemia and hyperlipidemia promotes
more insulin secretion, which further induces lipogenesis
and results in a vicious cycle, and in turn, leads to β-cell
failure and over diabetes [17,18].
Nutritional, neuronal and hormonal factors can affect
hepatic insulin actions directly and indirectly [49-53].
Insulin resistance can be caused by dietary factors such as
fructose [17], supplementations of antioxidants [54], and
fatty acids [55]. Pregnant female mice fed a high-fat diet
generate offspring with hepatic insulin resistance [53].
Dietary glucose and amino acids, but not fat, stimulate a
vagal reflex mediated by hepatic parasympathetic nerves
to increase insulin sensitivity in rats [33]. Infusion of
isoleucine or valine in hypothalamus lowers hepatic
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glucose production in rats, which is impaired by intake of
a high-fat diet [56]. Resistin-induced neuropeptide Y in
the lateral cerebral ventricle [57], and activation of p70
S6 kinase in hypothalamus of mice fed a high-fat diet [58]
cause hepatic insulin resistance.
The liver specific insulin receptor knockout (LIRKO) mice
have been used to investigate the role of insulin signaling
in the liver [59,60]. LIRKO mice at age of 2 and 6 months
have lower plasma TG and free fatty acid levels, and higher
glucose level than the control mice [59]. Interestingly,
during fasting, they have higher and lower blood glucose
levels than the control ones at 2 and 6 months of age,
respectively [59]. Only, the 2-month, but not 6-month,
old LIKRO mice develop hepatic insulin resistance with
elevated Pck1 and G6pc, and reduced Gck and liver type
pyruvate kinase expression levels [59]. Interestingly,
LIRKO and control mice have the same rate of hepatic
glucose production [59]. The 8-10-week-old LIRKO mice
have higher Srebp-1c mRNA expression than the control
ones, and refeeding still partially induces Srebp-1c [61].
This suggests that nutrient fluxes contribute to the hepatic
induction of Srebp-1c in LIRKO mice.
Insulin is needed for the hepatic lipogenesis after
refeeding [62]. This was attributed to the insulin-induced
expression Srebp-1c [45], a key regulator of hepatic
lipogenesis [63]. Using primary rat hepatocytes, we have
identified the insulin responsive element on the hepatic
Srebp-1c promoter, which contains two liver X receptor
elements and one sterol-regulatory element [64]. The two
liver X receptor elements are also retinoic acid responsive
elements [65], demonstrating the converge sites of
nutritional and hormonal signals on Srebp-1c promoter.
As noted above, insulin has been responsible for
metabolism of glucose and lipid. In insulin sensitive liver,
the hepatic gene expressions involved in those processes
are active and sensitive as well. However, upon insulin
resistance, the genes mentioned are resistant accordingly in
which we call hepatic insulin resistance at gene expression
(HIRAGE). In our previous study, we have compared the
insulin-regulated Pck1 and srebp-1c in primary hepatocytes
from insulin-sensitive Zucker lean and insulin-resistant
Zucker fatty rats [66]. Zucker fatty rats are obese and
insulin resistant due to hyperphagia caused by mutations
of leptin receptors [67-70]. Insulin failed to regulate
Srebp-1c and Pck1 in hepatocytes from Zucker fatty, but
not lean, rats fed ad libitum [66]. The excessive nutrient
fluxes combined with hyperinsulinemia in Zucker fatty
rats fed ad libitum cause HIRAGE. Interestingly, HIRAGE
is partially attenuated in hepatocytes from Zucker fatty
rats fasted for overnight [66]. These results demonstrate
that HIRAGE is a dynamic and transit state associated
with hyperphagia.
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The role of Nutrient Fluxes in HIRAGE in
Insulin Sensitive Animals
Dietary factors can affect insulin action in the body, which
initiated the concept of insulin resistance [71]. Reduction
of energy and nutrient intakes leads to corrections of
obesity and type 2 diabetes. A systematic review and
meta-analysis of 11 randomized clinical trials shows
that bariatric surgery procedures lead to improvements
of parameters of obesity and type 2 diabetes in human
subjects [72]. Recently, results of randomized clinical
trials containing patients with type 2 diabetes have
consistently shown superior efficacy of bariatric surgery
in reducing weight and lowering blood glucose, compared
to other medical and lifestyle interventions [73-80].
Therefore, surgery treatments have been recommended
for type 2 diabetes patients with class III obesity and those
with class II obesity and inadequately controlled blood
glucose by other methods [81]. Addition to reductions of
nutrient intakes, changes of gut hormones and gut-brain
axis are also attributed to the benefits of bariatric surgery
procedures [82].
We have conducted a pair-feeding study to evaluate
the effects of energy and nutrient intakes on metabolism
in Zucker lean and fatty rats fed a vitamin A deficient or
sufficient diet for 8 weeks [83]. In the last 24-hour of the
study, rats pairfed the isocaloric vitamin A sufficient diet
were divided into two groups. Rats in first group were fed
exactly the same amount of energy as those in the vitamin
A deficient group, whereas vitamin A sufficient rats in
the second group were fed ad libitum, which led to ~40%
more intake of the diet than the first group. For the first
time, HIRAGE was observed in primary hepatocytes from
Zucker lean rats in the second, but not the first, pairfeeding
group [83]. HIRAGE occurs in Zucker lean rats, who have
wild type genome and are considered insulin-sensitive.

phosphatidylinositol 3-kinase and mitogen activated
protein kinase are also activated by platelet-derived growth
factor [84]. Akt phosphorylation is a converge points of
multiple receptor tyrosine kinases [85]. We have shown
that the hepatic levels of phosphor-Akt Ser473 and The450
in Zucker fatty rats are higher than that in Zucker lean rats
[86]. Insulin induces phosphor-Akt Ser473 and Thr308
similarly in primary hepatocytes from Zucker lean and
fatty rats [86]. Given the dramatic changes of metabolism
in the liver, phosphor-Akt Ser473 probably cannot serve as
an indicator of HIRAGE. Clearly, more studies of insulinregulated gene expression are needed.
How dynamic changes of nutrient fluxes and insulin
levels in a daily feeding cycle interact and modulate each
other’s functions in the liver is still unclear. Nevertheless,
HIRAGE occurs transiently and dynamically in a healthy
animal only due to excessive nutrient fluxes. Does this
mean that the liver has an insulin resistant state in a
regular feeding cycle? Whether the HIRAGE is analogous
to the hepatic insulin resistance in human patients or
mechanically the same remains to be revealed. The
dynamic and transient HIRAGE may occur long before
the systemic insulin resistance happens, a topic that
deserves to be explored. The underlying mechanisms of
HIRAGE may provide multiple interventional targets for
prevention and treatment of hepatic insulin resistance
and type 2 diabetes. With more and more data from the
use of continuous glucose monitoring [38], understanding
HIRAGE may contribute to the practice of personalized
nutrition to benefit patients with type 2 diabetes as well.
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