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Abstract

In this review, we focused on two molecules, connexin
and sodium-glucose cotransporter, which can link to
diabetic hyperfiltration. In diabetic kidney, the activation
of renin-angiotensin system occurs simultaneously with
glomerular hyperfiltration. The latter largely depends
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on pathophysiological afferent arteriolar dilation in the
presence of high angiotensin II. As a mechanistic basis
for the above, tubular hypothesis has been proposed
for type 1 diabetic patients as well as experimental
models. Although tubular hypothesis has not been
well evaluated in type 2 diabetes, clinical observations
support that tubular hypothesis is true also in type 2
diabetes. Recent results on tubular hypothesis along
with connexin abnormality in type 2 diabetes were
revisited. In addition, the importance of sodium-glucose
cotransporter in diabetic hyperfiltration is discussed. The
link between salt paradox and the activation of renin-
angiotensin system will be also reviewed.

Key words: Tubuloglomerular feedback; Salt paradox;
Connexin; Glomerular hyperfiltration; Sodium-glucose
co-transporter
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Core tip: A diminished tubuloglomerular feedback (TGF)
in diabetes can explain both glomerular hyperfiltration
and the activation of renin-angiotensin system. An
enhanced absorption through sodium-glucose co-
transporter in proximal tubule decreases the delivery
to macula densa, reducing TGF signal generation in
diabetes. Connexin phosphorylation and subsequent
ubiquitination by oxidative stress in type 2 diabetes
reduces its expression in juxtaglomerular apparatus,
disabling TGF signal transduction. Clinical as well
as experimental evidences support that this tubular
hypothesis is working, and suggest that drugs targeting
the above to normalize TGF, an intrinsic physiological
system, would be effective to ameliorate diabetic
nephropathy.
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OPENING REMARKS

As reported recently', many clinical trials have de-
monstrated that the inhibitors of renin-angiotensin
system (RAS) are effective to prevent the development
and progression of diabetic nephropathy (DMN).
There is an emerging agreement that the activation of
RAS give deleterious influences on DMN. Why is RAS
activated even in the early course of diabetes? Many
experimental hypotheses for an overproduction of
angiotensinogen by hyperglycemia and pathological
activation of pro-renin in diabetes have been proposed
experimentally™®?l. They appear very true at least in
some aspects of DMN. From the renal hemodynamic
point of view, DMN is characterized as glomeru-
lar hypertension and hyperfiltration from its early
stage. In non-diabetic chronic kidney disease, single
nephron glomerular hypertension and hyperfiltration
occur in remnant nephrons to suffice the function
of lost glomeruli due to its underlying renal disease.
Thus, glomerular hyperfiltration starts when renal
injury has progressed to some extent. However, all
nephrons in diabetes show glomerular hypertension
and hyperfiltration before microalbuminuria is deve-
loped'. The main character of DMN is abnormal
afferent arteriolar dilation™. Tubular hypothesis is
proposed more than 2 decades ago, which explain
both glomerular hyperfiltration and RAS activation™. Is
tubular hypothesis true for type 2 diabetes, which now
provides medical as well as socio-economical problems
over the world? This has not been well examined. Let
us start from basic experiments.

TYPE 1 DIABETES

Tubular hypothesis

Tubular hypothesis is based on physiological responses
to hyperglycemia and its mechanisms are following™®.
In type 1 diabetes, insulin deficiency causes marked
hyperglycemia, resulting in the ultrafiltrate with
high glucose concentration in Bowman capsule. Al-
though proximal tubules reuptake most amounts
of filtered glucose, glucose exceeding the capacity
of tubular reuptake excretes into urine (glycosuria).
Since proximal tubule possesses sodium glucose co-
transporter 1 (SGLT1) and SGLT2, glucose is up-taken
together with sodium. Then, the reuptake of sodium
chloride through SGLT is increased in hyperglycemic
condition, which is considered as a cause of salt-
sensitive hypertension in diabetes. Furthermore, the
delivery of sodium and chloride to macula densa is
decreased by the enhanced reuptake through SGLT
by proximal tubules (Figure 1). A reduced delivery
to macula densa dilates the afferent arteriole by
removing constrictor signals from tubuloglomerular
feedback (TGF), to induce glomerular hypertension and
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hyperfiltration. Moreover, TGF signal from macula densa
inhibits renin release. Again, a reduced delivery to
macula densa during hyperglycemia (due to increased
proximal tubular absorption through SGLT) removes
TGF signals, to activate RAS which constricts efferent
arterioles, worsening glomerular hypertension™”.

TGF mechanisms (adenosine triphosphate + adenosine)
and salt paradox
There are still debates how macula densa cell trans-
duces TGF signal to afferent arterioles. Although two
hypotheses have been raised for “second messenger”
for TGF, our data support the notion that both ATP
and adenosine are required for full expression of TGF
responses'®. Macula densa cell releases adenosine
triphosphate (ATP) into the interstitium when it reab-
sorbs sodium chloride delivered by tubular flow (Figure
2). On the one hand, ATP released from macula densa
binds to ATP receptor located on extraglomerular
mesangial cells to induce membrane depolarization
and/or an increase in cytosolic calcium™. These signals
travel to neighboring mesangial cells through gap
junctions, and finally the signals are transduced to
afferent arteriolar myocytes through gap junction™.
Gap junction constitutes an important intercellular
communication tool. Indeed, the inhibiting the function
of connexin (Cx37 or Cx40), which compose of gap
junction, elicits both suppression of TGF-dependent
autoregulation and RAS activation. There is a possibility
that ATP secreted from macula densa diffuses to
afferent arteriolar myocytes and directly interacts with
ATP receptors to induce afferent arteriolar constriction.
On the other hand, ATP is degraded to adenosine by
nucleotidase on extraglomerular mesangial cells, and
subsequently adenosine binds to its specific receptor on
afferent arteriolar myocytes to induce constriction™".
Many paracrine factors modulate TGF. Angiotensin
and endothelin enhance TGF responsiveness, whereas
nitric oxide and prostaglandin diminish it"). Under
physiological condition, salt load that enhances the
renal production of nitric oxide and prostaglandin
weakens TGF. However, experimental data indicate
that salt intake enhances TGF in type 1 diabetes. Salt
load reduces proximal tubular reabsorption, which
is enhanced in diabetes. As a result, the delivery to
macula densa is increased, thereby restoring TGF
that constrict afferent arteriole, thereby ameliorating
glomerular hypertension, hyperfiltration and albu-
minuria in type 1 diabetic model™. This is called salt
paradox. An inverse relationship between salt intake
and glomerular filtration rate is seen in type 1 diabetic
patients as well as the animal models. Collectively,
both tubular hypothesis and salt paradox are truly
working in human?,

Insulin deficiency and resistance

In contrast to type 1 diabetes, which is characterized
by absolute insulin deficiency due to beta-cell damage,
type 2 diabetes shows normal or excessive insulin
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Figure 1 Working hypothesis for glomerular hyperfiltration in diabetes. On the one hand, hyperglycemia enhances sodium reabsorption in type1 and type 2
diabetes, thereby decreasing the delivery to macula densa with resultant weakening of tubuloglomerular feedback (TGF). The latter impairs renal autoregulation that
dilats afferent arterioles, and activates renin-angiotensin system (RAS). On the other hand, TGF signal by adenosine triphosphate (P2) is damaged in type 2 diabetes due
to connexin phosphorylation and gap junction malfunction, worsening glomerular hyperifiltration. High salt intake inhibits proximal tubular reabsorption, thereby increasing
the delivery of sodium chloride to macula densa. This ameliorates pathological afferent arteriolar dilation by the restoration of TGF through adenosine (A1) signal™®.
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Figure 2 Sodium chloride is delivered to macula densa, macula densa releases adenosine triphosphate. Adenosine triphosphate (ATP) binds to P2 receptor on
extraglomerular mesangial cell (EGM), and induces membrane depolarization and/or elevations of cytosolic calcium. These signals are transduced to juxtaglomerular
cells (JGC) by intercellular communication through gap junctions consisted of connexins (Cx). In addition, ATP is degraded to adenosine by ecto-nucleotidase (eNT)
on EGM. Adenosine binds to A1 receptor on JGC, increasing cytosolic calcium. Calcium waves generated in JGC transduce through gap junctions between afferent
arteriolar myocytes to its upstream, eliciting ascending vasoconsitiction (refs 8 and 10). MD: Macula densa; Cl: Chloride.

[14]

secretion, especially during its early clinical course. The substrate

patients with type 2 diabetes are usually obese and

manifest insulin resistance, underlying hyperglycemia
in type 2 diabetes. The mechanisms mediating
insulin resistance are out of focus of this review, but
involve oxidative stress that inhibit insulin signaling by
facilitating serine phosphorylation of insulin receptor
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HOW ABOUT TYPE 2 DIABETES?

Connexin
As mentioned above, gap junctions are required for the
transmission of TGF signal. Juxtaglomerular apparatus
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Figure 3 Expression of cennexins (Cx37, 40, 43) in juxtaglomerular apparatus of type 2 diabetic (Zucker diabetic fatty) and control (Zucker lean) rats. A,
B, D, E: Renin secreting cells (RSC, blue) and endothelial cells (EC) express Cx37 (A: Lean; D: Fat) and Cx40 (B: Lean; E: Fat). Cx40 is expressed on glomerular
and extraglomerular mesangial cells (EGM) in control (B) and diabetes (E). Cx43 is expressed in cytosol of RSC in both groups (C, F). Quantification reveals that the

expression of Cx37 in RSC is reduced in diabetic model™.

shows the expression of Cx37, Cx40 and Cx43. Type
2 diabetic model animals exhibit Cx abnormality™.
Six Cxs form one hemichannel on cell membrane
The binding of a hemichannel in a cell with the other
one in an adjunct cell forms a gap junction. Gap jun-
ctions pass through small molecules such as inositol
triphosphate and/or calcium, and transduce membrane
depolarization, enabling intercellular communication.
Post-transcriptional alterations of Cx induce conforma-
tional changes and prevent hemichannels to bind each
other, especially when their extracellular loops are
modified. Serine residue of Cx can be phosphorylated
by protein kinase C and/or MAP. In type 2 diabetes,
insulin resistance and associated oxidative stress
activate these kinase activities. Phosphorylated Cx
diminishes its ability to form gap junction, impairing
intercellular signal transduction. Abnormal function

[16]
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of gap junction/connexin is considered to be one of
the causes of arrhythmia in diabetes. Indeed, the
abundance of phosphorylated Cx43 is elevated in
type 2 diabetic animal model. Furthermore, functional
analyses demonstrated abnormal gap junction function
in juxtaglomerular apparatus that inhibiting Cx37 or
Cx40 failed to stimulate renin release. Phosphorylated
Cx is prone to be ubiquitinated and broken down.
Expression of Cx37 on renin-secreting cells is reduced in
type 2 diabetic animals (Figure 3). In type 2 diabetes,
functional derangements of Cx induce the removal of
TGF signal, which dilates afferent arterioles and activates
RAS (Figure 1). As discussed, functional impairments
of Cx in DMN cause glomerular hyperfiltration through
reductions of TGF signal transmission. The latter may
allow direct transmission of systemic blood pressure to
glomeruli, facilitating glomerular sclerosis together with
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Figure 4 Plasma and kidney concentration of angiotensin Il in type 2 diabetic model (Zucker diabetic fatty rat) and control rat (Zucker lean rat). ZL-L and
ZL-H indicate ZL fed normal and high salt diet, respectively. Alike, ZDF-L, ZDF-H describe ZDF fed normal and high salt diet, respectively. °P < 0.05 vs ZL-L, °P < 0.05
vs ZL-H, °P < 0.05 vs ZDF-L"®. ZDF: Zucker diabetic fatty rat; ZL: Zucker lean rat.
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Figure 5 Compared to normal condition (left), ultrafiltrate in Bowman capsule contains significant amount of glucose in diabetes (middle). Because
proximal tubules reabsorb more sodium with glucose through SGLT in diabetes (1), the delivery to macula densa is decreased (2). This weakens TGF signals to
increase glomerular filtration rate (3), accounting for hyperfiltration in early stage of diabetes. Either GLP or SGLT inhibition (right) inhibits proximal tubular reabsorption
(1), restoring sodium chloride delivery to macula densa even under hyperglycemic condition (2). This would have TGF work and normalize glomerular filtration rate (3),
ameliorating glomerular hyperfiltration. SGLT: Sodium glucose co-transporter; GLP: Glucagon-like peptide; TGF: Tubuloglomerular feedback.

systemic hypertension induced by RAS activation™. Of suppression of proximal tubular reabsorption and the
interest, there is a report that abnormal Cx is related to amelioration of glomerular hyperfiltration, together with

the prognosis of DMN in type 2 diabetic patients™”. the decrease in renal angiotensin concentration (Figure
4). The observations that salt load reduces albuminuria
Hyperglycemia and salt in this diabetic model suggest that glomerular hyper-

Is tubular hypothesis true for type 2 diabetes? The tension is also controlled by high salt intake. These
answer appears to be YES. Our recent data indicate that findings provide compelling evidence that salt paradox
enhanced proximal tubular reabsorption and glomerular exists in type 2 diabetes. It is proved that adenosine

hyperfiltration exist in type 2 diabetic animal model™®. is @ mediator of salt paradox in type 1 diabetes. When
In addition, renal RAS is activated in this model, as salt consumption is increased in type 1 diabetes, the
evident that renal angiotensin concentration is elevated. delivery of sodium chloride is increased, restoring TGF

Furthermore, in this model, acute salt load induces the signals to produce adenosine that constricts afferent
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arterioles and ameliorates glomerular hyperfiltration.
Our experimental results demonstrated that under
adenosine receptor blockade, the amelioration of
glomerular hyperfiltration by salt load was not happ-
ened. Because TGF signal transmission pathway for ATP
has been already diminished due to Cx abnormality in
type 2 diabetes, residing adenosine pathway works for
salt paradox in type 2 diabetes. Is salt paradox truly
functioning in type 2 diabetic patients? No answer was
given for this question until recently. However, there is
a report that proximal tubular reabsorption positively
relates to glomerular hyperfiltration in type 2 diabetic
black patients!*®). Furthermore, an inverse relation
between salt intake and albuminuria is demonstrated
in type 2 diabetic Japanese patients®®”’. Taken together,
salt paradox is working in type 2 diabetic patients
regardless of difference in race.

HOPE FOR NEW ANTI-DIABETIC DRUGS

We would not recommend for diabetes to take high salt
diet to prevent the development and progression of
DMN. Salt load could induce hypertension and facilitate
the development of cardiovascular diseases. How can
we prevent DMN? Although it should be important
to strongly inhibit RAS, new anti-diabetic drugs have
some hope. The inhibition of DDP-4 elevates GLP1,
which binds to its specific receptor on proximal tubules
to induce natriuresis through suppressing proximal
reabsorption of sodium chloride (Figure 5). Emerging
evidences indicate that DDP-4 inhibitors show blood
pressure lowering effects'®l. Thus, according to
tubular hypothesis, GLP1 ameliorates RAS activation,
glomerular hypertension and hyperfiltration in DMN
independently of its blood glucose lowering actions
(Figure 1). Indeed, it was recently reported that DDP-4
inhibitors exhibit antiproteinuric effects in DMN. Many
SGLT inhibitors are becoming available for clinical use.
SGLT inhibitors may share similar renal actions with
DDP-4 inhibitors. According to tubular hypothesis,
SGLT inhibitors suppress proximal tubular reabsorption,
which is enhanced in diabetes, suggesting that SGLT
inhibitors possess blood pressure lowering and renal
protective actions beyond its blood glucose lowering
effects®. Indeed, experimentally SGLT inhibitor showed
protective effects on diabetic nephropathy. However,
the influences on RAS of SGLT and DDP-4 inhibitors
have not been examined. Further studies are required
to clarify this issue.

CONCLUDING REMARKS

Recently, the number of patients with DMN is pro-
gressively increased, showing medical-economic
problem. Research on DMN is promising from many
aspects, and numerous new findings have been
obtained. This in a good news, and we hope that new
results could be applied for clinical care as soon as
possible. However, we are sorry that they do not intend
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to integrate the findings, so that they are isolated to
each other. We have tried to sum up several findings in
this review, although it might be inadequate. Discussion
was focused on the mechanisms underlying DMN
common in diabetic patients as well as animal model.
The treatment with RAS inhibitors on DMN is effective,
but we have to admit that they are not enough. In
near future, we wish that new therapy that eventually
halts DMN will be developed along with complete
understanding of underlying mechanisms for DMN.
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