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ABSTRACT
BackgroundMechanisms underlying the frequent association between salt-sensitive hypertension and
type 2 diabetes remain obscure. We previously found that protein kinase C (PKC) activation phos-
phorylates Kelch-like 3 (KLHL3), an E3 ubiquitin ligase component, at serine 433. We investigated
whether impaired KLHL3 activity results in increased renal salt reabsorption via NaCl cotransporter
(NCC).

MethodsWeused the db/dbdiabetesmousemodel to explore KLHL39s role in renal salt handling in type 2
diabetes and evaluated mechanisms of KLHL3 dysregulation in cultured cells.

Results We observed PKC activity in the db/db mouse kidney and phosphorylation of serine 433 in
KLHL3 (KLHL3S433-P). This modification prevents binding of with-no-lysine (WNK) kinases; however,
total KLHL3 levels were decreased, indicating severely impaired KLHL3 activity. This resulted in WNK
accumulation, activating NCC in distal convoluted tubules. Ipragliflozin, a sodium glucose cotrans-
porter 2 (SGLT2) inhibitor, lowered PKC activity in distal convoluted tubule cells and reduced
KLHL3S433-P and NCC levels, whereas the thiazolidinedione pioglitazone did not, although the two
agents similarly reduced in blood glucose levels. We found that, in human embryonic kidney cells
expressing KLHL3 and distal convoluted tubule cells, cellular glucose accumulation increased
KLHL3S433-P levels through PKC. Finally, the effect of PKC inhibition in the kidney of db/db mice con-
firmed PKC’s causal role in KLHL3S433-P and NCC induction.

Conclusions Dysregulation of KLHL3 is involved in the pathophysiology of type 2 diabetes. These data
offer a rationale for use of thiazide in individuals with diabetes and provide insights into themechanism for
cardiorenal protective effects of SGLT2 inhibitors.

J Am Soc Nephrol 30: ccc–ccc, 2019. doi: https://doi.org/10.1681/ASN.2018070703

Hypertension is one of the important complications
in obese diabetic subjects1,2; however, the mecha-
nisms are not fully elucidated. Because a substantial
portion of patients with type 2 diabetes mellitus
(DM) show hypertension before the onset of albu-
minuria or decreased GFR,3 the coexistence of
hypertension is not solely attributed to the progres-
sion of diabetic kidney disease. To elucidate the as-
sociatedmechanisms, several humoral factors, such
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as insulin, have been extensively studied.4,5 Indeed, experimen-
tal data indicated that insulin together with glucose adminis-
tration can increase salt reabsorption by modulating Na+ and
Cl2 transport mechanisms in the kidney.6–9 However, eugly-
cemic hyperinsulinemia does not result in sustained salt reten-
tion in humans10,11 or experimental models,12 suggesting the
contribution of additional mechanisms. Of note, accumulating
data indicated that hyperglycemia is necessary for the antina-
triuretic action of insulin.5,13 Nonetheless, the detailed bio-
chemical pathways, whereby the altered glucose metabolism
potentiates renal tubular sodium reabsorption, remain unclear.
Given the clinical evidence that sodium glucose cotransporter
2 (SGLT2) inhibitors can ameliorate hypertension in type 2
DM,14,15 the pathophysiology of BP elevation in these patients
has attracted increasing attention.

NaCl cotransporter (NCC) in thedistal convoluted tubule is
one of the key mechanisms that tightly regulates BP through
controlling renal salt reabsorption.16 The discoveries of caus-
ative genes for pseudohypoaldosteronism type II (PHAII; also
known as familial hypertensive hyperkalemia or Gordon syn-
drome; OMIM no. 145260)17–19 over the past decades led to
the identification of previously unrecognized pathways that
critically regulate NCC activity.20–23 Kelch-like 3 (KLHL3) and
cullin-3 are the elements of a really interesting new gene E3
ubiquitin ligase complex that targets the serine/threonine kinases
with-no-lysine 1 (WNK1) and WNK4 for degradation.24–26

These kinases, when activated by decreased intracellular Cl2

levels,27,28 directly phosphorylate the downstream kinases
STE20/SPS1-related proline-alanine–rich protein kinase
(SPAK) and oxidative stress–responsive 1 (OSR1).29 SPAK and
OSR1, in turn, phosphorylate and activate NCC.30 In PHAII,
missense mutations in the Kelch domain of KLHL3 and in an
acidic domain of WNK4, both abrogate the binding of KLHL3
and WNK4, resulting in NCC activation via SPAK/OSR1.24–26

Previously, we identified that the phosphorylation of ser-
ine 433 (S433) in the Kelch domain (KLHL3S433-P) critically
regulates the activity of the ubiquitin ligase composed of
KLHL3. Protein kinase C (PKC) directly phosphorylates
KLHL3S433, thereby preventing binding and degradation of
WNK kinases.31 This pathway is activated by angiotensin II
(AngII) through AngII type 1 receptor.31 Given that S433 is
frequently mutated in PHAII,18,19 these data indicate that
KLHL3 inactivation by either phosphorylation or single-
amino acid substitution is sufficient to exert a major effect
on BP. Nonetheless, the pathogenic role of KLHL3S433-P in a
common disease state is less well understood. In this study,
we postulated that the impaired KLHL3 activity results in
increased renal salt reabsorption via NCC in a model of
obesity and type 2 DM.

METHODS

Animals
This study was approved by the institutional review board of
the Teikyo University Review Board #15–053. db/db mice at

10–14 weeks of age and the control db/+ mice at the same age
were obtained fromCREA. They were fed ad libitum and housed
under a 12-hour light cycle. For some experiments, ipragliflozin
was administered to db/db and db/+ mice (provided by Astellas
Pharma; 15 mg/kg in a chow). As a control treatment, we chose
pioglitazone (Wako; 100 mg/kg chow). Pioglitazone has been
shown to effectively reduce blood glucose in thismodel.32Where
indicated, hydrochlorothiazide (Sigma-Aldrich)was given intra-
peritoneally at a dose of 25 mg/kg after 7 days of treatment with
ipragliflozin or pioglitazone. Urine was collected by using indi-
vidual metabolic cages, and urinary Na+ levels were directly
compared between pre- and post-treatment samples in each
mouse. Insulin was administered subcutaneously via osmotic
minipump (0.5 U/d) for 7 days. The dosage was determined
according to the previous studies on hyperglycemic mice.33

The PKC inhibitor bisindolylmaleimide I hydrochloride (BIM;
4 mg) or vehicle (2.24% DMSO in PBS) was administered in-
traperitoneally under isoflurane anesthesia once daily for 2 days,
and kidneys were removed 3 hours after the injection on day 2.
For urinalysis, we injected the same dose of BIM once and col-
lectedurine immediately after the injection for 6 hours. Thedose
of BIMwas determined on the basis of the previous report34 and
our preliminary dose-finding study; we tested two different
doses of BIM (1 and 4 mg/d intraperitoneally for 2 days) and
found that the latter efficiently reducedKLHL3S433-P levels in the
kidney without apparent toxicity. Candesartan was given orally
for 4 weeks (0.005% in a chow).35 Blood samples were collected,
and kidneys were removed under isoflurane anesthesia. Blood
glucose levels and K+ levels were measured using the iSTAT
system (Abbott). Blood glucose .700 mg/dl (which is the
upper limit of the measuring range) was regarded as 700
mg/dl. Urine electrolytes were measured by the ion selec-
tive electrodes method (SRL).

Western Blot
Western blotting was performed as described previously.31,36

Plasma membrane fraction was purified using the plasma
membrane isolation kit (Invent Biotechnologies).37 Enrich-
ment of plasma proteins but not cytoplasmic proteins was
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validated in the laboratory.38 For total cell lysates, kidneys
were homogenized with TNE buffer, except for the detection
of WNK1 and WNK4 (for these proteins, lysis buffer contain-
ing 250 mM sucrose and 10 mM triethanolamine was used).
After the protein quantification, equal amounts of protein
were mixed with Laemmli sample buffer. Tubulin and Pon-
ceau S staining was used to monitor the identical loading of
different samples. For the Western blotting analysis of anti-
KLHL3S433-P, we used mouse monoclonal anti-KLHL3S433-P

created and characterized in the laboratory as described pre-
viously (in the work by Ishizawa et al.22). Serine mutation at
position 433 in KLHL3 completely eliminates the signal in
human embryonic kidney (HEK) cells expressing KLHL3,
confirming the specificity of the antibody (Supplemental
Figure 1 also shows the full-length image of the Western
blot analysis using anti-KLHL3S433-P antibody in vivo in
the kidney). Because S433 and the surrounding sequences
are conserved in KLHL2, the phosphoantibody in theory can
also recognize KLHL2 if it is phosphorylated at the corre-
sponding serine. Anti-KLHL3 antibody (Sigma-Aldrich) was
characterized as previously described,31 and it was further
validated in this study. The antibody was produced using
amino acids 2–51 of human KLHL3 as an immunogen, and
the sequence identity in this region between KLHL2 and
KLHL3 is ,50% (Supplemental Figure 2A). In addition,
this antibody recognized a strong signal in the cortex but
not in the medulla (where KLHL2 is predominantly pre-
sent),39 confirming that the antibody does not recognize
KLHL2 (Supplemental Figure 2B). Other antibodies
included anti-Flag (Sigma-Aldrich), anti-tubulin (Sigma-
Aldrich), anti-WNK4,22 anti-WNK1 (Cell Signaling
Technology), anti-phospho-SPAK/OSR1 (Millipore),40

anti-SPAK (Abcam), anti-NCC,31 anti-NCC phosphory-
lated at Thr53 (NCCT53-P),41 anti-phospho-PKC (bearing
phosphorylation at Ser660 in PKCbII; the antibody also
detects phosphorylated PKCa, -bI, -d, -«, -h, and -u; Cell
Signaling Technology; we previously confirmed that PKC
activation sharply increases the signal detected by this anti-
body),22 anti-phospho-PKCa/b (bearing phosphorylation at
Thr638/641), anti-total PKC, anti-phospho-Akt, and anti-Akt
(Cell Signaling Technology).

Immunostaining
Immunofluorescence study was performed as described pre-
viously.31,36 For immunostaining of KLHL3S433-P, we used
polyclonal rabbit anti-KLHL3S433-P antibodies.31 In some ex-
periments, NCC and KLHL3S433-P were stained in the adjacent
sections, because both of the antibodies were made from rab-
bits. Other antibodies include anti-phospho-PKCa (Abcam)
and anti-calbindin D-28-K (Swant).

RNA Extraction and Quantitative RT-PCR
RNAwas extractedusing a commercially available kit (Qiagen).
TaqMan gene expression assays (Thermo Fisher Scientific)
were used for the quantitative RT-PCR analysis.

Measurement of Cellular Glucose Content
Intracellular glucose levels in HEK cells and mouse distal con-
voluted tubule (mDCT) cells (provided by Peter Friedman)
were measured by the glucose assay kit (BioVision) and a
fluorescence spectrophotometer (F-7000; HITACHI).

Cell Culture, Transient Transfection, and
Cell Treatment
HEK cells were incubated in DMEM supplemented with 10%
FBS and antibiotics as described previously.42 Transient trans-
fection was carried out using nonliposomal polymer (Mirus
Bio).31 mDCT cells were incubated in DMEM/F12 supple-
mented with 5% FBS and antibiotics.43 The effect of D-glucose
on PKC activity was evaluated in accordance with previous
studies.44 After incubating with serum-free medium contain-
ing 0.5% BSA, 5.6 mM D-glucose, and ITS reagents (GIBCO;
which contains insulin at 1.7 mM at final concentration), me-
diumwas changed to the DMEMmedium containing 5.6 mM
D-glucose (low glucose) or 20.6 mM D-glucose (high glucose),
and cells were incubated for 3 hours. In some experiments,
PKC activity was evaluated by the ELISA-based PKC kinase
activity assay (Enzo). As a control experiment, cells were in-
cubated in the presence of 20.6 mM L-glucose (which is not
taken up by cells) for 3 hours. When indicated, cells were in-
cubated with 2 mM BIM for 3 hours.

Statistical Analyses
The data are summarized as means6SEM. Unpaired t test was
used for comparisons between two groups. The effects of hy-
drochlorothiazide were evaluated by paired t test in each
group. For multiple comparisons, statistical analysis was per-
formed by ANOVA followed by Dunnett post hoc tests
(versus db/db group). P values,0.05 was considered statisti-
cally significant.

RESULTS

Increased Phosphorylation of KLHL3S433 Results in
NCC Activation in the Distal Convoluted Tubules of
db/db Mice
Toexaminewhether theubiquitin ligase composedofKLHL3 is
involved in the pathophysiology of an obese diabetic state, we
used db/dbmice. Blood glucose levels were significantly higher
in db/db mice than in control db/+ mice (617637 mg/dl in
db/db mice versus 20269 mg/dl in db/+ mice; P,0.01).
In accordance with the previous study,45 fasting plasma
insulin levels also tended to increase in db/db mice (1.906
0.45 ng/ml in db/db mice versus 0.9160.08 ng/ml in
db/+ mice; P=0.07). We first evaluated the levels of renal
NCCbyWestern blotting in plasmamembrane–enriched frac-
tion. The results showed that NCC levels were significantly
increased in db/db mice compared with db/+ mice (Figure 1A).
We also observed an increase in the active phosphorylated form
of NCC (NCCT53-P). We then evaluated KLHL3S433-P and total
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KLHL3 levels in the kidney. KLHL3S433-P levels were signifi-
cantly elevated in the kidney of db/db mice (Figure 1B),
whereas total KLHL3 levels were significantly decreased. These
findings are analogous toour previous observations inK+-depleted
mice,22 and they indicate that the activity of the KLHL3-based
ubiquitin ligase is suppressed by the combined effects of in-
creased KLHL3S433-P and decreased total KLHL3 levels. How-
ever, these observations could not be explained by K+ depletion
given that plasma K+ levels were not decreased in this model
(5.0860.24 mEq/L in db/db mice versus 4.7260.23 mEq/L in
db/+ mice; P=0.31).

In the immunofluorescence study, NCCT53-P was increased
at the apical membrane of the distal convoluted tubules in db/db
mice compared with db/+ mice (Figure 1C, top panels, Supple-
mental Figure 3A) as expected. Immunostaining using polyclonal
anti-KLHL3S433-P antibody revealed that KLHL3S433-P was highly
detected in the cortex in db/db mice (Supplemental Figure 3B).
At a highermagnification, KLHL3S433-Pwas present at or near the
apical membrane of the renal tubules (Supplemental Figure 3C).
Todetermine inwhich cells in the kidneyKLHL3S433-P is induced,
we stained the kidneys with anti-KLHL3S433-P and anti-NCC in
serial sections (because both antibodies weremade from rabbits).
The results showed that KLHL3S433-P signal was mainly localized
to the distal convoluted tubule cells that express NCC (Figure 1C,
arrows in middle and bottom panels).

Given the evidence that PKC directly phosphorylates
KLHL3S433,31 we next evaluated PKC activity in the kidney.
Western blot analysis using the antibody against active phos-
phorylated PKC showed that PKC activity was significantly
elevated in db/db mice (1.8-fold increase; P,0.01)
(Figure 1D).

Previous studies have shown that WNK1 levels are high in
distal convoluted tubule cells.17,46 WNK4 is also enriched in
these cells.17,46 If the activity of KLHL3-based ubiquitin ligase
is suppressed in the distal convoluted tubules in db/db mice,
this should result in the accumulation of the target substrates
WNK1 and WNK4. Consistently, we found elevated WNK1
and WNK4 levels in db/db mice (Figure 1E) that resulted in
the increased phosphorylation of the downstream target
SPAK/OSR1. These data indicate that the KLHL3-based ubiq-
uitin ligase is inactivated in distal convoluted tubule cells of
db/db mice, resulting in NCC phosphorylation and activation
through WNK and SPAK/OSR1 activation.

Ipragliflozin, but Not Pioglitazone, Attenuates
KLHL3S433-P Induction and NCC Activity in db/db Mice
Next, we evaluated the contribution of hyperglycemia on
KLHL3S433-P and NCC levels by separately administering
two distinct classes of hypoglycemic agents. db/db mice re-
ceived either ipragliflozin, an SGLT2 inhibitor (15 mg/kg
chow; db/db + Ipra), or pioglitazone, a thiazolidinedione
(100 mg/kg chow; db/db + Pio) for 7 days, after which we
measured NCC levels (we chose this period to avoid any sec-
ondary changes, such as decrease or increase in body weight).
Both ipragliflozin and pioglitazone significantly ameliorated

hyperglycemia in db/db mice to a similar extent (Figure 2A).
Interestingly, however, only ipragliflozin significantly reduced
NCC levels in the kidney of db/db mice (Figure 2B). Again,
there were no differences in plasma K+ levels among the
groups (Figure 2C). In addition, these effects of ipragliflozin
onNCCwere not observed in the control db/+mice (Figure 2,
D–F). We additionally evaluated the effects of insulin infusion
on NCC. Insulin administration modestly but significantly
reduced blood glucose levels (Supplemental Figure 4A). How-
ever, similar to the findings in the db/db + Pio group,
insulin did not significantly alter NCC levels (Supplemental
Figure 4B).

Given that AngII can directly induce NCC in the distal con-
voluted tubule,31 we evaluated the possible involvement of the
renin-angiotensin system in db/db mice. Consistent with the
previous studies,47 plasma renin activity was significantly lower
in db/db mice (Supplemental Figure 5), and there were no sig-
nificant differences in plasma renin activity among db/db, db/db
+ Ipra, and db/db + Pio groups. As an indicator of the intrarenal
renin-angiotensin system, we also evaluated angiotensinogen
mRNA levels in the kidney.48,49 We found that renal angiotensi-
nogen was increased in db/db mice; however, the expression
levels were not reduced by ipragliflozin or pioglitazone (Supple-
mental Figure 6A). To directly test whether AngII signaling is
involved in the NCC upregulation, we administered candesar-
tan,35 the AngII type 1 receptor blocker, to db/db mice. Blood
glucose levels were not significantly different between the two
groups (600657 mg/dl in db/db mice versus 641620 mg/dl in
db/db + angiotensin receptor blocker mice; P=0.54). Candesar-
tan did not reduce NCC levels, excluding the possibility that
AngII is involved in this mechanism (Supplemental Figure 6B).

If the distinct effects of ipragliflozin and pioglitazone on
NCC aremediated byKLHL3S433-P, its levels should be reduced
by ipragliflozin but not by pioglitazone. Indeed, Western blot-
ting showed that KLHL3S433-P levels were significantly re-
duced in the db/db + Ipra group but not in the db/db + Pio
group (Figure 3A). Consistent with the results of Western
blotting, immunofluorescence analysis revealed that both
NCC and KLHL3S433-P signals were attenuated by ipragliflozin
but were not attenuated by pioglitazone (Figure 3, B and C).
As upstream signaling, we evaluated PKC levels in the kidney.
We found that active phosphorylated PKC levels were attenu-
ated only in the db/db + Ipra group (Figure 3D). In contrast,
active phosphorylated Akt levels were not altered by ipragli-
flozin (Figure 3E). Akt phosphorylation was increased in the
db/db + Pio group, likely representing the enhanced insulin
signaling in the kidney. To determine the localization of active
PKC in vivo in the kidney, we performed an immunofluores-
cence study. We found that active phosphorylated PKCa
levels were mainly increased in the distal convoluted tubules
(Figure 4). Moreover, this increase was attenuated by ipragli-
flozin but was not attenuated by pioglitazone. These data ex-
plain the mechanisms for the distinct effect of ipragliflozin
and pioglitazone, and they suggest a causal role of PKC in
NCC induction in diabetic kidney.
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Figure 1. Increased phosphorylation of serine 433 in Kelch-like 3 (KLHL3S433-P) is associated with NaCl cotransporter (NCC) activation
in the distal convoluted tubules of db/db mice. (A) Expression of NCC in the plasma membrane–enriched fraction (PM) in the kidneys of
db/+ and db/db mice in biologic replicates. Dot plot graphs show the results of quantitation. (B) KLHL3S433-P and total KLHL3 levels in
the kidneys of db/+ and db/db mice determined by Western blot analysis in biologic replicates. Dot plot graphs show the results of
quantitation. (C, top panels) Immunofluorescence microscopy of NCCT53-P in the kidney of db/+ (left panel) and db/db mice (right
panel). (C, middle and bottom panels) Serial kidney sections were stained with NCC and KLHL3S433-P with NCC in db/+ and db/db
mice, respectively. KLHL3S433-P is predominantly present in the distal convoluted tubule cells (arrows). Glo, glomerulus. Scale bars,
50 mm. (D, upper left panel) Active phosphorylated protein kinase C (PKC) levels in the kidneys of db/+ and db/db mice. (D, lower left
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To confirm the biochemical analysis on NCC levels, we
evaluated the natriuretic response to thiazide as an indicator
ofNCCactivity.Weadministeredhydrochlorothiazide(25mg/kg
body wt) after 7 days of treatment with ipragliflozin or pioglita-
zone, and we collected urine for 6 hours after the injection using
individual metabolic cages. db/db mice showed significant in-
creases in urinary Na+ levels after hydrochlorothiazide injection,
confirming the natriuretic effect (Figure 5). Importantly, the db/
db + Pio group also showed significant increase in urinary Na+

levels, whereas there were no significant changes in urinary Na+

levels in the db/db + Ipra group before and after hydrochloro-
thiazide injection. The increase in urinary Na+ excretion after
hydrochlorothiazide administration was significantly greater in
the db/db group than in the db/db + Ipra group (Figure 5). These
data are consistent with our data showing that ipragliflozin, but
not pioglitazone, attenuated NCC levels in db/db mice.

Role of Intracellular Glucose in PKC and KLHL3S433-P

Induction
We next evaluated the mechanism for the PKC and KLHL3
S433-P induction in a diabetic state. Previous studies indicate
that the elevated intracellular glucose levels result in the
accumulation of the glucose metabolic intermediates

glyceralaldehyde-3-phosphate and glycerol-3 phosphate, which
stimulate de novo diacylglycerol synthesis and PKC activity.50–52

Therefore, we determined whether glucose loading can directly
induce PKC and KLHL3S433-P in cultured cells. To test this, HEK
cells expressing KLHL3 were incubated in the low– or high–D-
glucose medium for 3 hours.44 We then measured KLHL3S433-P

and total KLHL3 levels byWestern blotting.We found that high-
glucose loading and the resultant intracellular glucose accumu-
lation (Figure 6A) caused a significant increase in KLHL3S433-P

levels (Figure 6B). To test the effect of glucose on endoge-
nous KLHL3, we incubatedmDCT cells43 in the high–D-glucose
medium for 3 hours. Consistent with the findings in HEK
cells, high-glucose loading increased cellular glucose content
(Figure 6C) and KLHL3S433-P levels (Figure 6D).

We next tested the possible involvement of PKC. We found
that the high glucose caused the increase in active phosphor-
ylated PKCa/b (Figure 6E) in HEK cells. The glucose-induced
PKC activation was also confirmed in the ELISA-based PKC
kinase activity assay (Figure 6F). By contrast, active phosphor-
ylated Akt levels were not different between the two groups in
this condition (Figure 6G). As an osmotic control, we also
incubated the cells with 20.6 mM L-glucose, which did not
alter KLHL3S433-P levels (Figure 6H).
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Causal Role of PKC in KLHL3S433-P Induction and NCC
Activation in the Kidney of db/db Mice
We finally tested the causal role of PKC in the dysregulation of
KLHL3S433-P and NCC in db/db mice. For this purpose, we

performed both cell culture and in vivo experiments. In vitro,
HEK cells expressing KLHL3 were incubated with BIM, the
PKC inhibitor, in a high-glucose medium. In vivo, db/db mice
received intraperitoneal injection of BIM (4 mg) or vehicle
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once daily for 2 days, and we analyzed KLHL3S433-P and NCC
levels in the kidney. In the cultured cells incubated with the
high-glucose medium, we found that the incubationwith BIM
significantly reduced KLHL3S433-P levels (Figure 7A). These
effects were not observed in cells incubated with the low-
glucose medium (Figure 7B). Consistently, in vivo experi-
ments showed that KLHL3S433-P levels in the db/db mice

kidney were also attenuated by BIM administration (Figure 7C).
Moreover, NCC levels in the plasma membrane–enriched frac-
tion were reduced in db/db mice receiving BIM (Figure 7D). In
contrast, BIM had no effects on NCC levels in db/+ mice (Sup-
plemental Figure 7A). Blood glucose and plasma K+ levels were
similar between the two groups (blood glucose: 679613 mg/dl
in db/db mice versus 668618 mg/dl in the db/db + BIM group;
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P=0.61; plasma K+: 4.3760.07 mEq/L in db/db mice versus
4.5560.26 mEq/L in db/db + BIM mice; P=0.51).

Toshowthe functional significanceofreducedNCCabundance
by BIM, we collected urine for 6 hours immediately after BIM
injection using individual metabolic cages. We found that urinary

Na+ levels were significantly increased by BIM in db/db mice
(Figure 7E). In contrast, db/+mice did not show significant natri-
uretic response after BIM administration (Supplemental Figure 7B).
These results indicate thatKLHL3S433-P induction by PKC causes
NCC activation and sodium retention in obese diabetic mice.
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DISCUSSION

Previous studies showed that hyperglycemia and activation of
the glycolytic pathway result in the accumulation of interme-
diate metabolites that stimulate de novo diacylglycerol synthe-
sis and PKC activation.50,51 Activated PKC, in turn, induces
pathogenic consequences in various tissues.50,51 Nonetheless,
the role of the PKC pathway in the increased renal salt reab-
sorption in type 2 DM remained undetermined. Previously,
we showed that PKC phosphorylates KLHL3S433 and inacti-
vates the ubiquitin ligase composed of KLHL3, resulting in
increased salt reabsorption.31 This study links these observa-
tions and shows the pathway in which the dysregulation of
glucose metabolism triggers salt retention in the kidney. In
addition to the proposed mechanism, it is possible that PKC
phosphorylation and activation of WNKs act in parallel to
increase NCC levels in the diabetic kidney.53

These data also provide insights into the mechanisms for the
recently described protective effects of SGLT2 inhibitors.14,15We
found that PKC activity, KLHL3S433-P, and NCC levels were all
lowered by ipragliflozin but not by pioglitazone, despite the fact
that both reagents effectively reduced blood glucose. These ob-
servations can be explained by the different mechanisms of ac-
tion of the two hypoglycemic agents (Figure 8). Pioglitazone, a
thiazolidinedione, improves glycemic control by acting as an
insulin sensitizer and potentiating cellular glucose uptake,54,55

whereas ipragliflozin, an SGLT2 inhibitor, inhibits glucose reab-
sorption in proximal tubules. We infer that SGLT2 inhibitors
might be favorable in attenuating pathologic PKC activity in
the diabetic kidney, because they ameliorate hyperglycemia
without potentiating cellular glucose uptake and glucose toxicity.
It would be interesting to evaluate metabolic changes in vivo in
the distal convoluted tubules in response to the different hypo-
glycemic agents in a future study.

In this study, we showed that the PKC/KLHL3/WNK path-
way is involved inNCCactivation that doesnot requireAngII in
db/dbmice.Given thatKLHL3andWNKsare also regulatedby
AngII signaling,31,56 our data indicate that a diabetic state
mimics AngII signaling by phosphorylating KLHL3 in distal
convoluted tubules, resulting in salt retention. These data also
underscore the importance of the KLHL3/WNK system in
physiologic and pathologic conditions. Other than the pro-
posed mechanism, it is likely that several other pathways act in
parallel.57 Nonetheless, we infer that the activation of NCC by
KLHL3S433-P induction has a major effect on renal salt han-
dling in an obese diabetic state given the critical role of KLHL3
in regulating BP homeostasis in humans.18,19

Because S433 and the surrounding sequences in KLHL3 are
conserved in KLHL2, it is possible that KLHL2 is also phos-
phorylated by a similar or related mechanism. The role of
KLHL2 phosphorylation in renal medulla and its downstream
effectors could be the area of future investigation.

A limitation of the study is that we tested the short-term
effects of ipragliflozin. This is because we intended to avoid
any secondarychanges associatedwith a longer treatment, such

as decrease or increase in body weight, and because clinical
studies indicated that SGLT2 inhibitors alter BP at an early
stage.14 Although we showed that the administration of BIM
reduced KLHL3S433-P andNCC levels in db/dbmice, the direct
demonstration of the role of PKC in the distal convoluted
tubules would require selective knockout of PKC isozymes
in this segment. Also, the metabolic changes in the distal con-
voluted tubules in response to different hypoglycemic agents
need additional evaluation. Despite these limitations, this
study provides the first in vivo evidence that the ubiquitin
ligase component KLHL3 is involved in the pathophysiology
of obese DM. These data also provide insights into the mech-
anisms for the clinically proven but poorly defined protective
effects of SGLT2 inhibitors.
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