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Liver or kidney: Who has the oar in the gluconeogenesis boat and when?
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TRODUCTION

Glucose is the primary or e requisite source of energy for many tissues, including
the brain, kidney medulla, and red blood cells. Blood glucose levels are maintained
within a very narrow range between 3.9-7.1 mmol/Liter. In addition to dietary gluco
glucose produced through the process of glycogenolysis and gluconeogenesis results in
e release of additional glucose into the circulation when blood levels drop
Glycogenolysis involves the breakdown of glycogen to glucose-6-phosphate and its
subsequent hydrolysis by glucose-6-phosphatase to free glucose. While gluconeogenesis
involves the formation of glucose-6-phosphate from non-carbohydrate carbon
substrates such as lactate, glycerol, and amino acids with its subsequent hydrolysis by
glucose-6-phosphatase to free glucose. The process requires several enzymatic steps and
counters the ﬁcolytic breakdown of glucose. The key enzymes in the gluconeogenesis
pathway are pyruvate carboxylase (PC), phosphoenolpyruvate carboxykinase (PEPCK,
PCK1), fructose 1,6-bisphosphatase (FBP), and glucose 6-phosphatase (G6P)[4l. There are
three rate-limiting, unidirectional steps in gluconeogenesis, which all occur in the
cytosol. The first is the phosphorylation of decarboxylated oxaloacetate to form PEP
which is catalyzed by PEPCKDL. The PEP is converted into fructose 1,6-bisphosphate
through a series of reactions, yhich is hydrolyzed to fructose 6-phosphate in the second
rate-limiting step via the FBP enzyme. Glucose phosphate isomerase converts gctose 6-

phosphate to glucose 6-phosphate. Finally, in the third rate-limiting step, ®ficose 6-
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phosphatase dephosphorylates glucose 6-phosphate to release glucose into the

bloodstream (Figure 1).

GLUCONEOGENESIS IN THE LIVER AND KIDNEYS

The liver and kidneys are the primary organs that can synthesize glucose through the
process of gluconeogenesis, and can also export the synthesized glucose into the

bloodstream.

WHO USES WHAT?

Lactate, glycerol, and certain glucogenic amino acids, ¢.g., alanine and glutamine are the
primary substrates accounting for 90% of overall gluconeogenesisl®7l. For liver
gluconeogenesis, lactate, which is produced during anaerobic glycolysis, is the primary
substrate. In the kidney, glutamine appears to be the major substrate. Although a few
studies have suggested lactate as the main substrate, the renal conversion of lactate to
glucose was found to be less than that of glutamine (50% vs 70% of its overall systemic
gluconeogenesis)®8l. Moreover, in the post-absorptive phase, glutamine contributes
73% toward renal gluconeogenesis, while alanine contributes only 4%. It is the oaoosite
for the liver, where alanine majorly contributes to gluconeogenesis. Moreover, hepatic
gluconeogenesis from lactate and alanine is an endergonic process that consumes
energy, while renal gluconeogenesis by utilizing glutamine is an exergonic process that
produces four ATP/mole of synthesized glucosel?. The transport systems for
glucoEogenic amino acids also vary between the liver and kidneys. In renal tubular
cells, glutamine transport depends on the A amino acid transport system, while in
hepatocytes the transport depends on the N system. Nevertheless, the differences in
glucogenic amino acid substrates would indicate differences in the regulatory

mechanisms of glucose production in the two organs.

WHO IS MORE SENSITIVE TO HORMONAL REGULATION?
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Insulin, glucagon, and catecholamines regulate plasma glucose levels within minutes
through their acute glucoregulatory actions on the liver and kidney gluconeogenesis.
While, the effects of growth hormone, thyroid hormone, and cortisol take a long time
either by altering the sensitivity of the liver towards the acute-regulatory hormones or
by affecting the glycogen stores regulating enzyme activity and gluconeogenic
precursor availability(1l. Moreover, most of these studies have been done in animals
and their effect on renal glucose release in humans is largely unknown.

Insulin is by far the most well-known negative regulator of gluconeogenesis, in both
liver and kidneys. Insulin can act by directly activating or deactivating the rate-limiting
enzymes for gluéoneogenic substrate availability, or by acting on gluconeogenic
activators. The insulin-dependent transcriptional control of gluconeogenic gene
expression involves the FOXO family of transcription factors which agt through the
IRS1/Akt2/mTORC1/2 and IRS/PI3k/Akt/FOXO1 pathways["°l. Recent studies
suggest that the kidney may be more sensitive than the liver to hormonal down-
regulation of gluconeogenesisli¢l. Moreover, insulin receptor-specific signaling may be
necessarb for the down-regulation of renal gluconeogenesis. PT-targeted insulin
receptor deletion in mice resulted in an elevation in fasting blood glucose and increased
renal protein and mRNA expression of G6P['7l. Also, in proximal tubule cell culture,
knockdown of the insulin receptor, but not the insulin-like growth factor, type 1
receptor abrogated insulin’s inhibitory effects on glucose productionl18l.

Unlike the liver, where glucagon increases gluconeogenesis!!’”l, the regulation of
gluconeogenesis in the kidneys by glucagon is still controversial. Although,
upregulation in PEPCK, IRS2, and PGCla expression and glucose production by
human proximal tubule cells, independent of insulin’s action, was observed upon
glucagon stimulation(20l. Similar gluconeogenic effects of elevated glucagon levels were
also reported in type 2 diabetes mellitﬁ (T2DM) subjects(?'l. Catecholamines also affect
glucose release by the two organs, by increasing the availability of gluconeogenic
substrates and by decreasing insulin secretion(?223. In addition, both, glucagon and

catecholamines may positively regulate hepatic gluconeogenesis through cyclic AMP-
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dependent activation of protein kinase Al2425] and acutely by the phosphorylation of the

bifunctional ~ enzyme  6-phosphofructo-2-kinase/ fructose-2,6-bisphosphatase 2
(PFK2/FBPase-2) at Ser36/20l.

WHO DRIVES SYSTEMI%GLUCOSE RELEASE DURING STARVATION?

After overnight fasting, endogenous glucose production is approximately 10-11
pmol/kg/min in humansl®l. The liver contributes to systemic glucose production
through both, glycogenolysis and gluconeogenesis, while the kidney produces glucose
only through renal gluconeogenesis as it does not store glycogen in a healthy state. In
the first hour of fasting, hepatic glycogen stores break down to glucose to meet the
energy demand. Thus, in the_liver, glycogenolysis is considered the primary
(approximately 75%) source of glucose production in the early phase of the post-
absorptive period while gluconeogenesis contributes approximately 25%[271. It was
suggested that only upon the depletion of glycogen stores, hepatic gluconeogenesis take
over glucose production. However, other studies reported the contribution of
gluconeogenesis at approximately 50% of hepatic glucose production, even in the early
post-absorptive period when liver glycogen stores were maximall2l. At the other
extreme, Landau et al?% reported a 54% contribution of gluconeogenesis after 14 h of
fasting, and the percentage rose to 64% after 22 h of fast. Thus, regardless of the length
of fasting gluconeogenesis and glycogenolysis in the liver were considered to ﬁltribute
equally toward glucose production. These assumptions were made as the net organ
balance Edies suggested the liver as the primary site for glucose production, as
kidneys showed little or no net glucose production in healthy humans during
starvationl30-32],

A breakthrough in determining role of kidney gluconeogenesis in whole-hody
glucose homeostasis came from the studies of Mutel et allll They showed, using liver-
specific deletion of the glucose-6-phosphatase gene (L-G6pc-/-mice) that the absence of
hepatic glucose release had no major effect on the control of fasting plaﬂ'la glucose

concentration. The authors also suggested that, in early fasting, an induction of
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gluconeogenesis in the kidneys sustained ogenous glucose production and
maintained euglyamia. Re-evaluation of the renal contribution to glucose release
during starvation using net renal glucose balance together with a deuterated glucose
dilution method suggested that renal glucose production handled approximately 20%
of whole-body glucose releasel?’l. In prolonged fasting, renal gluconeogenesis increased
and accounted for about 40% of the total systemic gluconeogenesis. Using new
methodologies brought to light that the kidneys not only prodLEe glucose in the cortex
but also utilize glucose for energy in the medullary region, thus the net organ balance of
glucose may not truly reflect renal glucose production. This paradigm-shifting set of
studies brought into effect new thinking in that de novo systemic glucose production is
likely provided equally by glycogenolysis (in the liver), and gluconeogenesis
(approximately 30% by the liver and 20% by the kidney) during periods of extended
fasting.

Overall, it has been realized that the percentage contribution of kidneys and livers
towards endogenous glucose production changes under various altritional situations,
including long-term fasting. This repartition seems necessary for the body to maintain
plasma glucose constant and simultaneously preserve the energetic status of the body
for anabolic purposes. However, the predominant mechanism for glucose release into
the circulation by the two organs varies in the fed state. In the kidneys, two mechanisms
are in operation for the net release of glucose; the high- energy-consuming
gluconeogenesis and a relatively lower energy-driven glucose reabsorption process!'®l.
Whereas in the liver, gllﬁ)se release occurs solely through gluconeogenesis. In the
fasting state, however, the inability to reabsorb sufficient glucose, together with
inactivated insulin signaling, promotes ATP-consuming gluconeogenesis. The role of
the insulin receptor in the fast-fed regulation of gluconeogenesis in the human proximal

tubule with insulin receptor substrates as direct effectors has recently been described[?],

WHO DRIVES HYPERGLYCEMIA IN DIABETES?
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Increased liver, as well as renal glucose release, have been reported in TZD%W. The

liver was commonly believed to be the primary sgurce for this increased release of
glucose into the circulation, in humans with T2DM. Although repal glucose release has
only been assessed in a handful of studies in humans with T2D, the absolute increase in
renal glucose release seems to be comparable to the liver by the combined isotopic-net
renal glucose &lance techniquel®-4). Unlike the liver, where glycogenoasis also
contributes to the release of new glucose into the circulation, the increased release of
new glucose by the kidney into the circulation is sole, if not exclusively, a result of the
rise in gluconeogenesis.

In humans with or without diabetes, renal glucose release into the circulation
increased for 2-3 h after a 75-gm oral glucose load, whereas hepatic glucose release was
reduced throughout the entire postprandial period/*'l. However, the average rate of
postprandial glucose releaﬁwas roughly twice as high in diabetic patients as it was in
non-diabetic subjects, and renal glucose release accounted nearly 49% of the overall
glucose release. This was predominantly due to defective endogenous glucose release
regulation and to a lesser extent, decreased initial ingested glucose splanchnic
sequestration. This effect is expected in patients with diabetes having lower
postprandial insulin release or insulin resistancel'?l. “Carryover” of the elevated renal
gluconeogenesis observed in the post-absorptive state may have also contributed to
endogenous glucose releasel®8l, in addition to the higher availability of free fatty acid
(FFA)B2l, and gluconeogenic precursors observed in T2DM patientsi#3l. Nevertheless,
increased gluconeogenesis (both liver and kidneys) contributes to hyperglycemia in
T2DM. However, in the kidneys enhanced glucose reabsorption, via sodium-glucose
cotransporters (SGLT1 and SGLT2) may also sustain hyperglycemia in T2DM.
Inhibiting SGLT2 Lowers blood glucose levels in TZIaVI[‘“l. Although, two distinct
mechanisms have been indicated to&nprove glycemic control and reduce the plasma

ucose levels by SGLT2 inhibitors; first, by increasing the removal of plasma glucose
and second, by ameliorating glucotoxicity, which leads to improved insulin sensitivity

in peripheral tissues and enhanced  cell function*l. Paradoxically, SGLT2 inhibitors
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also increased the hepatiégluconeogenic response while decreasing plasma insulin, and
offset by approximately 50% the increase in urinary glucose excretion!%5471. The increase
in endogenous glucose production by SGLT2 inhibitors corroborated well with the
observed increase in plasma glucagon concentrationltl. Glucagon is a powerful
stimulator of hepatic gluconeogenesis as already discussed in the previous section.
Glucosuria-induced glucagon secretion by SGLT2 inhibitors is beyond the scope of this
review, however, glucosuria through neural reflex might activate the kidney-liver axis
directly or through neuronal centers in the CNSI*’l. Nevertheless, there are studies to
suggest SGLT2 inhibitors might enhance gluconeogenesis predominantly in the
kidney648]. Moreover, However, the influence of diet intake control on the metabolic
effects of SGLT2 inhibitors, including gluconeogenesis has been observed*°].

The increase in gluconeogenesis in diabetes has been attributed to impaired insulin
ﬁ)pression of PEPCK, and other gluconeogenic enzyme activities®*30-52l, Elevated
gluconeogenic gene expression in the kidneys was reported in proximal
tubules- specific IRS1/2 double-knockout (KO) mice. These mice also exhibited
attenuated phosphorylation of insulin signaling molecules including, Akt and
FOXO1I'3l. Similarly, proximal tubule-specific IR KO increased fasting glucose
concentration and renal G6Pase mRNA in KO_micel'”l. Moreover, studies conducted in
a rat model of T2DMI**] and T2DM patients!>! also demonstrated the downregulation of
IR subunit protein levels, the activation of glycogen synthase kinase 3 beta kinase, and
increased gluconeogenic enzymes in proximal tubules.

Another mechanism by which insulin resistance can enhance gluconeogenesis is
through impaired insulin-induced suppression of lipolysis. Accelerated lipolysis in
insulin resistance or insulin deficiency releases FFA and glycerol into the circulation,
demonstrating a role for adipose tissue as another source of increased substrate supply
for gluconeogenesisl®®l. The rates of glycerol turnover and gluconeogenesis from
glycerol are seerﬁo increase in overnight fasted T2DM patients[5657]. In renal tissues of
human diabetes patients, an increase in plasma concentrations of alanine, glycerol, and

lactate was detected demonstrating the role of increasing substrate availability enabling
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the possibility of enhanced gluconeogenesis!®*l. In diabetic rats, the elevated renal
NADPH oxidasejctivity and oxidative stress were suggested to upregulate PEPCK
expression via CREB and the ERK1/2 pathway leading to accelerated renal
gluconeogenesis!0.60],

Unlike diabetes, where gluconeogenesis gets regulated in both the liver and kidney,
in metabolic ggidosis, such as occurs in type 2 diabetes, regulation is primarily in the
kidneysl6162l. To counterbalance acidosis, the kidney generates ammonia, mainly from
glutamine deamination, which forms a-ketoglutarate (a-KG) and NH4" via the
ammonia genesis pathwayl®l. The proximal tubule imports glutamine and catalyzes it
into glutamate, freeing up NH4* to secrete into the lumen to eliminate acid equivalents,
and reabsorbs basglaterally bicarbonate to normalize blood pH. Glutamate in the PT j
then converted to a-ketoglutarate, which is a substrate for gluconeogenesis!®l. It is the
transcription of the PEPCK-C gene in the kidney cortex by metabolic acidosis which is
unique to the kidney, whereas the transcription of PEPCK-C in the liver does not

respond to changes in Phl65].

REPARTITIONING ENDOGENOUS GLUCOSE PRODUCTION AMONG ABLE
ORGANS

Inter-organ coordination among the liver, kidneys, and potentially intestine may be
expected if glucoE and energy homeostasis is to be maintained!(!l. A similar re%ation
may be expected during the anhepatic phase of liver transplantatjon in humans. In mice
with liver-specific deletion of the glucose-6-phogphatase gene, the absence of hepatic
glucose production, glucagon was suggested to account for the basal induction of the
renal glucose-6-phosphatase genelll. Moreover, glucose production was suggested to
counter-regulate insulin-induced hypoglycemia in humans durinﬁ'ncreased glucagon
and cortisol secretions!®¢l. These studies highlight the important role of the kidney in
endogenous glucose production. The similar, the liver is also expected to compensate
for hypoglyﬁmia due to renal insufficiencies, however, it does not appear to be the case

always as patients with renal failure are prone to hypoglycemial¢78l. Although,
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underlying hepatic issues in such patients could be a possibility where in individuals
ith reduced hepatic glycogen stores or less available gluconeogenic substratesl].
Moreover, acidosis would limit the ability of the liver to compensate via hepatorenal
reciprocity(70l. In this vein, renal gluconeogenesis diminution was shown to promote t
repartition of endogenous glucose production in intestinal gluconeogenesis leading to
the sparing of glycogen stores in the liver in micg lacking kidney-specific glucose-6-
phosphatase genel7ll. Thus intestine-liver crosstalk might take place in the situations of
deficient renal glucose production, such as chronic kidney disease (CKD). However,
studies are warranted to determine the contribution of intestinal gluconeogenesis to
systemic glucose release and to confirm tha the repartition of endogenous glucose
production takes place and contributes to a glycemic reduction_jn CKD with reduced
renal gluconeogenesis. More studies are needed to understand the relative role of the

liver vis-a-vis extrahepatic gluconeogenic organs in glucose homeostasis are needed.

CONCLUSION

Gluconeogenesis in the liver as well as kidneys is now considered important in
maintaining glucose homeostasis. The difference in the preference for gluconeogenic
subsﬁates by the liver and kidneys, and the hormonal regulation of the process in the
two organs, would imply that the regulatory mechanisms of glucose production are not
the same in the two organs. Moreover, the contribution of kidney wvs liver
gluconeog&‘nesis may vary under certain physiological and pathological conditions. For
example, in the early phase of fasting, as the hepatic glycogen gets depleted, the
systemic glucose production was considered equally by glycogenolysis (in the liver),
and gluconeogenesis (approximately 30% by the liver and 20% by renal
gluconeogenesis). While in prolonged fasting, renal gluconeogenesis increases and
accounts for about 40% of the total systemic gluconeogenesis. In the pathological state
of T2DM, increased gluconeogenesis in both, the liver and kidneys, contribute towards
hyperglycemia. While in metabolic acidosis, which sets in response to diabetes,

gluconeogenesis induction exclusively occurs in the kidneys, and liver gluconeogenesis
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remailed unaffected. Similarly, differential effects of SGLT2 inhibitors on renal and liver
auconeogenesis have been reported in the liver and kidneys. Besides, the two organs
can compensate, at least par'ﬁlly, for the impaired glucose release due to renal or liver
insufficiency suggesting an inter-organ coordination to maintain glucose and energy
homeostasis. For translational implication, more studies in the area are needed to know
the real driver of systemic glucose production under pathological states, such as in

patients with liver or renal insufficiency.
igure 1 Overview of gluconeogenesis metabolic pathways. NADH: Nicotinamide

adenine dinucleotide; ATP: Adenosine-5'-triphosphate; ADP: Adenosine-5'-
diphosphate.
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