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phosphatidylinositol 4,5-bisphosphate [P1(4,5)P2], but pathophysiologic triggers for NHE1 inactivation are unknown.
Because glomerular injury permits proximal tubule luminal exposure and reabsorption of fatty acid/albumin complexes, we
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of LC-CoA catabolism reduced NHE1 activity and enhanced apoptosis, whereas inhibition of proximal tubule LC-CoA
generation preserved NHE1 activity and protected against apoptosis. Our data indicate that albuminuria/lipiduria
enhances lipotoxin delivery to the proximal tubule and accumulation of LC-CoAs contributes to tubular atrophy by
severing the NHE1-PI(4,5)P2 interaction, thereby lowering the apoptotic threshold. Furthermore, these data suggest that
NHE1 functions as a metabolic sensor for lipotoxicity.
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Chronic kidney disease progression can be predicted based on the degree of tubular atrophy, which is the
result of proximal tubule apoptosis. The Na*/H* exchanger NHE1 regulates proximal tubule cell survival
through interaction with phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], but pathophysiologic triggers
for NHE1 inactivation are unknown. Because glomerular injury permits proximal tubule luminal exposure
and reabsorption of fatty acid/albumin complexes, we hypothesized that accumulation of amphipathic, long-
chain acyl-CoA (LC-CoA) metabolites stimulates lipoapoptosis by competing with the structurally similar
PI(4,5)P2 for NHE1 binding. Kidneys from mouse models of progressive, albuminuric kidney disease exhib-
ited increased fatty acids, LC-CoAs, and caspase-2-dependent proximal tubule lipoapoptosis. LC-CoAs and
the cytosolic domain of NHE1 directly interacted, with an affinity comparable to that of the PI(4,5)P2-NHE1
interaction, and competing LC-CoAs disrupted binding of the NHE1 cytosolic tail to PI(4,5)P2. Inhibition of
LC-CoA catabolism reduced NHE]1 activity and enhanced apoptosis, whereas inhibition of proximal tubule
LC-CoA generation preserved NHE1 activity and protected against apoptosis. Our data indicate that albu-
minuria/lipiduria enhances lipotoxin delivery to the proximal tubule and accumulation of LC-CoAs contrib-
utes to tubular atrophy by severing the NHE1-PI(4,5)P2 interaction, thereby lowering the apoptotic threshold.

Furthermore, these data suggest that NHE1 functions as a metabolic sensor for lipotoxicity.

Introduction
Over 26 million people in the US suffer from chronic kidney dis-
eases, approximately half of whom have diabetic nephropathy
(DN) as the etiology (1). Most forms of chronic kidney disease are
initiated by glomerular injury, but progression to end-stage renal
disease is more tightly coupled to tubular atrophy and intersti-
tial fibrosis, compared with glomerular pathology (2-4). Proximal
tubule epithelial cell apoptosis is a mechanism of tubular atro-
phy (5-7), and proximal tubule NHE1 defends against apopto-
sis through Na*/H* exchange as well as by functioning as a scaf-
fold for the membrane phosphoinositide phosphatidylinositol
4,5-bisphosphate [PI(4,5)P2] and associated cell survival signaling
cascades (8-10). Experimental NHE1 inhibition using genetic or
chemical inhibitor approaches causes tubular epithelial cell apop-
tosis (8, 11), but an vivo mechanism of NHEI inactivation in the
pathophysiology of chronic kidney disease has not been described.
Several lines of evidence point toward accumulation of nonester-
ified fatty acid (NEFA) metabolites as a cause of proximal tubule
cell dysfunction (lipotoxicity) in proteinuric conditions (12, 13). In
animal models of DN, renal tubular epithelial cell NEFA synthe-
sis is increased, and catabolism by beta-oxidation is decreased (14,
15). In chronic kidney diseases characterized by albuminuria, such
as DN, filtered fatty acids bound to albumin are reabsorbed by
the proximal tubule, which causes apoptosis (16-19). Intracellular
NEFAs are esterified by long-chain acyl-CoA (LC-CoA) synthe-
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tases (ACSL) to form LC-CoA intermediates. Blood glucose and
NEFA stimulate plasma membrane ACSL expression and activity
(20-22), and in microarray studies, ACSL transcripts are highly
upregulated in kidneys from diabetic mice and biopsy specimens
from humans with DN (23-25). Although kidney LC-CoA content
has not been measured previously, increased ACSL expression sug-
gests that generation of LC-CoAs may be enhanced.

LC-CoAs are preferentially transported into mitochondria by carni-
tine palmitoyl transferase-1 (CPT1), which is the rate-limiting enzyme
for NEFA oxidation and ATP generation; the kidney- and liver-spe-
cificisoform of CPT1 is CPT1a. If beta-oxidation capacity is exceeded,
buffering against lipotoxicity is achieved by LC-CoA storage as triglyc-
eride in cytoplasmic lipid droplets (26-28), a process best exempli-
fied in adipocytes, which contain a cytoplasm that is almost entirely
composed of lipid droplets. But lipid storage is saturable in nonadi-
pocytes, and a mismatch between NEFA uptake and utilization can
therefore lead to LC-CoA accumulation and apoptosis (29-31).

The mechanism of LC-CoA-mediated cytotoxicity has not
been described. However, both LC-CoAs and phosphoinositides
are amphipathic, with long acyl chains and negatively charged
(phosphorylated) carbon rings. Because of this structural simi-
larity, LC-CoAs have been demonstrated to compete with phos-
phoinositides for the regulation of PI(4,5)P2-dependent potas-
sium channels and Na*/Ca?* exchangers (31-34). We show that,
in the proximal tubule, a major target of apoptosis in proteinuric
chronic kidney diseases, excess LC-CoAs compete with PI(4,5)P2
for binding to NHE1, which leads to NHE1 inactivation and loss
of critical cell survival functions.
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The eNOS- db/db mouse is an authentic model for DN. (A—F) Whole kidneys from 26-week-old mice were fixed in 4% paraformaldehyde and
labeled with (A and D) Masson'’s trichrome stain or Oil red O and (B, C, E, and F) hematoxylin counterstain. Original magnification, x20 (A, B, D,
and E); x40 (C and F). (G) Histomorphometric quantitation of tubular atrophy and interstitial fibrosis, as described in Methods (n = 5 kidneys per
group). IS, interstitium. *P < 0.01 compared to eNOS+- db/m group by t test. (H) Proximal tubule apoptosis was determined by counting TUNEL-
positive cells from Tapinauchenius purpureus—counterstained kidney frozen sections (n = 3 per group). *P < 0.05 compared to eNOS*- db/m group.
**P < 0.05 compared to all other groups. (I) Kidney frozen sections were labeled with rat anti-active (cleaved) caspase-2 IgG and T. purpureus prox
imal tubule counterstain and quantitated (n = 3 per group). *P < 0.05 compared to eNOS+*- db/m group. (J) Frozen sections were labeled with Ki-67
and T. purpureus for proliferating proximal tubule cells and quantitated (n = 5 per group). (K) Cortical tubule suspensions from wild-type, db/db,
eNOS--, and eNOS-- db/db mice were assayed for NHE1 activity by determining maximum rate of change in cytosolic pH following NH4Cl washout
protocol and ratiometric BCECF fluorescence by spectrofluorimetry (n = 3 per group). *P < 0.05 compared to wild-type group by ANOVA.

Results

The eNOS~~ db/db mouse is an authentic model of lipotoxicity. To deter-
mine the role of lipotoxicity in chronic kidney disease pathogenesis,
we examined eNOS~~ db/db mice. Unlike other murine models of
DN, eNOS7~ db/db mice uniquely develop progressive GFR decline
and, therefore, better mimic human DN (35). Figure 1A shows
glomerulosclerosis in eNOS”~ db/db kidneys as well as interstitial
fibrosis, a feature that is also lacking in other DN mouse models.
Quantitative histomorphometry experiments revealed decreases in
tubular area as well as increases in tubule dilation and interstitial
area in eNOS~~ db/db kidneys (Figure 1G), all of which are con-
sistent with tubular atrophy and support that the eNOS~~ db/db
mouse represents a robust model of tubulointerstitial disease.
eNOS~~ db/db proximal tubules contained cytoplasmic triacylglyc-
erol droplets (Figure 1, B and C), a marker for NEFA metabolite
accumulation (27, 36, 37), which was absent in nondiabetic con-
trols (eNOS*~ db/m) (Figure 1, E and F). Increased proximal tubule
cell apoptosis was observed in eNOS~~ db/db mice (Figure 1H and
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Supplemental Figure 1, A-C; supplemental material available
online with this article; doi:10.1172/JCI71863DS1) at frequen-
cies that are comparable to those in human DN (38). Significant
but more modest apoptosis was observed in eNOS*~ db/db proxi-
mal tubules when compared with that in eNOS"~ db/m proximal
tubules (Figure 1H), consistent with prior reports (39). Apopto-
sis pathways culminate in executioner caspase-3 activation, but
the upstream caspase-2 initiator provides context specificity for
lipoapoptosis (40). Immunohistochemical studies of eNOS~7~ db/db
kidneys detected significantly greater caspase-2 activation in prox-
imal tubules (Supplemental Figure 1, D-I), compared with that in
age-matched, control eNOS*~ db/m kidneys (Figure 1I). Enhanced
caspase-2 activity in eNOS”~ db/db kidneys was confirmed using
biochemical techniques (Supplemental Figure 1J). Compensatory
proliferation was not observed in eNOS~~ db/db proximal tubules
(Figure 1J), consistent with net cell loss and tubular atrophy. NHE1
regulates proximal tubule cell survival in response to apoptotic
stress, whereas NHE1 deletion has a permissive effect on apoptosis
March 2014
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LC-CoA content is increased in eNOS-- db/db mouse kidneys. (A) Predicted structure of palmitoyl-CoA and PI(3,4,5)P3 (www.lipidmaps.org). Solid
red circles highlight phosphate groups predicted to be above the plane of the ring structure; hatched green circles highlight phosphate groups pre-
dicted to be below the plane. Acyl chains of each molecule are truncated, both for picture clarity and with the assumption that the chains would be
imbedded within the plasma membrane in vivo. (B and C) Long-chain acyl-CoA concentrations were measured by LC-MS/MS methods from kidney
cortices of (B) 26-week-old eNOS+- db/m and eNOS~- db/db mice and (C) 96-week-old ROP++ and ROP9s* mice (n = 3 per group). Results are
expressed as mean + SEM. *P < 0.05 compared to eNOS~- db/db group, by paired ¢ test. #P < 0.05 compared to ROP°s+ group, by paired ¢ test.

(9). Figure 1K demonstrates profoundly decreased NHE1 activity
in renal cortices from eNOS”~ db/db mice, suggesting that NHE1 is
arelevant target in DN pathogenesis.

LC-CoA content is increased in eNOS~~ db/db mouse kidneys. The ini-
tial metabolites of NEFAs, LC-CoAs, are structurally similar to
phosphoinositides (Figure 2A), which regulate proximal tubule cell
survival through interaction with the NHE1 cytosolic tail (¢(NHE1)
(10). To explore whether LC-CoAs mediate lipotoxicity in vivo,
NEFA and LC-CoA concentrations were assayed from renal corti-
ces of eNOS~~ db/db mice and nondiabetic, littermate controls. As
shown in Table 1, NEFAs were increased in eNOS~~ db/db kidneys.

Table 1

Figure 2B shows a significant increase in 3 LC-CoA species from
eNOS~~db/db kidney cortices by a magnitude that is comparable to
liver LC-CoA content in mouse models of hepatic steatosis (41-43).
The estimated total cellular LC-CoA concentration was 58 uM (see
Supplemental Methods), which is consistent with values in other
tissues affected by diabetes or hyperlipidemia (41). We conclude
that eNOS~~ db/db mice represent a faithful model of DN, with evi-
dence of LC-CoA accumulation and lipotoxicity. Consistent results
were also observed in the ROP strain of mice (Table 1 and Figure
2C), which develop greater albuminuria and proximal tubule apop-
tosis compared with eNOS7~ db/db mice (ref. 35 and Supplemen-

Kidney fatty acid content is increased in mouse models of chronic kidney disease

Mouse strain ~ Palmitate (16:0) (ug/mg tissue)

eNOS*~ db/m 1.94 £0.39 2.95+0.86
eNOS~- db/db 2.87+0.53 3.64+0.77
ROP++ 3.48+0.71 5.18+0.96
ROPOs/+ 8.28 + 0.66 9.26 +1.03

Stearate (18:0) (ug/mg tissue) Oleate (18:1) (ug/mg tissue) Linoleate (18:2) (wg/mg tissue)

0.15+0.06 0.03 +0.01
0.21£0.04 0.05+0.01
0.26 £ 0.06 0.08 +0.02
0.58+0.10 0.17+0.03

Fatty acids were assayed by gas chromatography—mass spectrometry in 26-week-old C57BLKS/J eNOS*- db/m and eNOS-- db/db whole kidneys and
96-week-old ROP++ and ROP©s+ whole kidneys according to published methods (91). Data represent mean + SEM from 3 experiments.
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Low-affinity binding between LC-CoAs and the cNHE1. LC-CoA binding to NHE1 was determined by SPR, using immobilized NHE1 cytosolic domain
(cNHE1) peptide as ligand and LC-CoAs as analytes, as described in Methods. (A) SPR sensorgrams for palmitoyl-CoA (Kq=3.4 0.9 x 105 M;n = 3).
(B) SPR sensorgrams for oleoyl-CoA (Kq = 2.3 + 0.3 x 10-% M; n = 3). (C) SPR sensorgrams for palmitoyl-CoA at a range of pH values.

tal Table 1), especially with aging or superimposition of the Os/+
mutation, which models focal and segmental glomerulosclerosis
(44). These data indicate that NEFA and LC-CoA accumulation
may be a general feature of progressive, proteinuric renal diseases.
LC-CoAs compete with PI1(4,5)P2 for binding to NHE1 in vitro. Prox-
imal tubule NHE1 activity is cytoprotective (9) and dependent
upon a low-affinity electrostatic interaction with plasma mem-
brane inner leaflet PI(4,5)P2 (10, 45). To determine whether LC-
CoAs bind directly to the cNHE1, and potentially compete with
PI(4,5)P2 for binding, surface plasmon resonance (SPR) was used
to assess LC-CoA/NHE1 binding characteristics. Palmitoyl-CoA
(Figure 3A) and oleoyl-CoA (Figure 3B) bound the NHE1 tail with
low affinity, at a Kq similar to that in the PI(4,5)P2-NHE1 interac-
tion (10). Neither palmitic nor oleic acid bound to NHE1 (data not
shown). Palmitoyl-CoA binding was weakly pH dependent (Fig-
ure 3C), a characteristic that was also observed for PI(4,5)P2 (10).
PI(4,5)P2 interacts with 2 Lys/Arg-rich, juxtamembrane NHE1
domains (10, 45). LC-CoA binding to an M1 + M2 KR/A mutant
cNHE1 polypeptide (see Supplemental Figure 2) was 200- to 300-
fold weaker (mean Kq = 7.8 x 103 M for palmitoyl-CoA, 7.5 x 10-3

Figure 4

LC-CoAs compete with phosphoinositides for NHE1 binding in vitro.
NHE1 cytosolic domain (cNHE1) binding to LC-CoAs and phospho-
lipids was determined by membrane overlay assays, as described
in Methods. (A) Map of LC-CoAs and phosphoinositides spotted on
nitrocellulose membranes. (B) cNHE1 incubation with membranes
spotted with LC-CoAs and phosphoinositides, followed by anti-NHE1
antibodies, and then HRP-conjugated IgG, as previously described
(10). Membrane shown is representative of n = 4. (C) Map of LC-
CoAs and phosphoinositides spotted on nitrocellulose membranes
for competition assays. (D) Competition with P1(4,5)P2 for NHE1
cytosolic domain binding to LC-CoAs. cNHE1 incubated overnight
at 4°C. Binding buffer only for additional 12 hours (left panel); 25 uM
P1(4,5)P2 in binding buffer over the second 12-hour period (right
panel). Detection of cNHE1 binding as in B. Membrane shown is
representative of n = 3. (E) Map of spotted membrane phospholip-
ids. LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; PI,
phosphatidylinositol; PE, phosphatidylethanolamine; PC, phosphat-
idylcholine; S-1P, sphingosine-1-phosphate; PA, phosphatidic acid;
PS, phosphatidylserine. (F) Competition with palmitoyl-CoA for
NHE1 cytosolic domain binding to phosphoinositides. cNHE1 incu-
bated overnight at 4°C. Binding buffer only for additional 12 hours
(left panel); 25 uM palmitoyl-CoA in binding buffer over the second
12-hour period (right panel). Detection of cNHE1 binding to phospho-
lipids, as in B and D. Data are representative of n = 5.
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M for oleoyl-CoA) compared with that of wild-type cNHE1, sug-
gesting that LC-CoA and PI(4,5)P2 bind to the same NHE1 sites.

Overlay assays were used to confirm direct LC-CoA/NHE1
interaction and to screen for LC-CoA/PI(4,5)P2 competition
for NHE1 binding. Figure 4, B and D, demonstrates binding of
the cNHE1 to LC-CoAs, which was abolished by competition
with equimolar PI(4,5)P2 (Figure 4D). Figure 4F shows results
from experiments using a reciprocal approach and reveals that
c¢NHEI1 binding to phosphoinositides was abolished by compe-
tition with palmitoyl-CoA.

A B
Palmitoyl CoA | O QO | PI(4,5)P2
Malonyl CoA | O () | Blank
oleoyl CoA | O (O | Blank
Blank | O QO | Blank
PI3,45P3 | O O | Blank
Cc D
Palmitoyl CoA | O (O | PI(4,5)P2
Malonyl CoA | O O | PI3,4,5)P3
Oleoyl CoA O O Blank
112 h cNHEL  cNHE1
2712 h Buffer  PI(4,5)P2
E F
LPA [O O s1P
LPC | O O PI(3,4)P2
Pl [O O PI3,5)P2
PGP |O O | PI4,5)P2
pigp |O O | PI(3,45)P3
PP | O O | PA
PE|O O|Ps
pc |O O/ Blank
1%12h cNHE1  cNHE1
2" 12 h  Buffer Palm CoA
Volume 124  Number3  March 2014



19
Palmitoyl CoA

Figure 5

research article

C PI(4,5)P2-BODIPY  + +
NHE1-RFP + +
Alb/Palm/Eto +
0.6
w
> 05
c
2
S o4
@
26 & 03
25 2
24 © oz
==
2 2 01
22 15}
=
21 w 0.0
20

Malonyl CoA

LC-CoAs compete with PI(4,5)P2 for NHE1 binding. (A—C) Swe/Swe proximal tubule cells were transfected with and without NHE1-RFP acceptor
and incubated with glucose (25 mM, 24 hours), delipidated 0.5% BSA plus palmitate (100 uM, 24 hours), and/or etomoxir (100 uM, 24 hours)
to enhance intracellular LC-CoA concentration. FRET was measured using the relative fluorescence intensity of the donor [BODIPY-PI(4,5)P2,
excitation/ emission A = 488/510] from TIRF images (original magnification, x60), according to Methods. (A) Epifluorescence image of trans-
fected and untransfected cells. (B) TIRF image of BODIPY fluorescence for corresponding cells in A. (C) Energy transfer efficiency between
PI1(4,5)P2-BODIPY and NHE1-RFP by TIRF microscopy using the formula E = 1 — Fpa/Fp, where E stands for energy transfer efficiency, Fpa is
the fluorescence intensity of the donor BODIPY-PI(4,5)P2 in cells expressing the acceptor RFP-NHE1, and Fp is the fluorescence intensity of
the donor BODIPY-PI(4,5)P2 in the absence of the acceptor RFP-NHE1 (n = 20 cells per condition). *P < 0.05 compared to other group. (D-I)
Xenopus oocytes microinjected with (D and F—1) cRNA encoding EGFP-tagged cNHE1 (22.5 ng in 25 ul) or (E) H.O were pretreated for 24 hours
at 37°C with (F) albumin (0.5%); (G) albumin and palmitate (100 uM); (H) albumin, palmitate, and etomoxir (100 uM); and (I) albumin, palmitate,
and triacsin C (5 uM). Cells were fixed in 4% paraformaldehyde and viewed by confocal microscopy. Original magnification, x20. (J and K) cRNA
encoding EGFP-tagged cNHE1 (22.5 ng in 25 ul) and increasing concentrations (estimated 50 uM-500 uM final concentration) of (J) palmitoyl-

CoA or (K) malonyl-CoA, viewed by confocal microscopy. Original magnification, x40.

LC-CoAs compete with P1(4,5)P2 for binding to NHE1 in vivo. To sim-
ulate DN conditions, proximal tubule cell lines were exposed to
glucose and albumin complexed with palmitate, as well as eto-
moxir, to inhibit CPT1 and increase intracellular LC-CoA accu-
mulation (Supplemental Figure 3A). To evaluate NHE1-PI(4,5)
P2 binding, plasma membrane interactions were determined by
combined total internal reflection fluorescence (TIRF) micros-
copy/fluorescence resonance energy transfer (FRET) using
BODIPY-PI(4,5)P2 and RFP-NHE1 FRET donor/acceptor pairs
(10, 46-49). Plasma membrane NHE1 and PI(4,5)P2 are shown
by TIRF microscopy (Figure 5, A and B). TIRF measurements of
BODIPY fluorescence are consistent with FRET between PI(4,5)
P2 and NHE1 (Figure 5C). Importantly, FRET was abrogated by
the combination of palmitate, glucose, and etomoxir (Figure 5C),
suggesting that the plasma membrane PI(4,5)P2-NHEI interac-
tion is disrupted by palmitoyl-CoA.

As an alternative technique to examine competition between LC-
CoAs and PI(4,5)P2 for binding to NHE1, Xenopus oocytes were
microinjected with an EGFP-tagged cNHE1 cRNA. As revealed in
Figure 5D, the translated cNHE1 polypeptide distributed to the
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plasma membrane. Oocyte exposure to palmitate caused cNHE1
release from the plasma membrane (Figure 5G), which was accen-
tuated by etomoxir coincubation (Figure SH). In oocytes treated
with triacsin C to inhibit ACSL1-catalyzed formation of palmitoyl-
CoA (Supplemental Figure 3A), EGFP-cNHE1 binding to plasma
membrane was preserved (Figure SI). In related experiments,
oocyte coinjection with palmitoyl-CoA caused concentration-de-
pendent cNHEI1 displacement (Figure 5J), which was not observed
with short-chain (malonyl) CoA injection (Figure SK), implying
that imbedding of the longer acyl chain within the plasma mem-
brane is required for LC-CoA proximation with PI(4,5)P2 and
NHEL1. Taken together, Figures 4 and 5 provide compelling evi-
dence that LC-CoAs compete with plasma membrane PI(4,5)P2 for
interaction with the cNHE1.

LC-CoAs stimulate apoptosis through inbibition of NHE1 activity.
Effects of LC-CoAs on apoptosis and NHE1 were accomplished
through manipulation of ACSL1 and CPT1 activities. To justify
this approach, we first demonstrated that expression of the tri-
acsin C-inhibitable ACSL1 isoform was abundant in proximal
tubule (Figure 6), in agreement with markedly decreased total
March 2014 1061
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kidney ACSL activity in Acsl17/~ mice (50). Then, we determined
that ACSL1 shRNAs and ACSL1 adenoviral overexpression inhib-
ited and stimulated ACSL1 expression, respectively (Figure 6D).
Finally, we verified that LC-CoA levels were appropriately modu-
lated in LLC-PK1 cells coincubated with palmitate plus etomoxir
or triacsin C and in human renal proximal tubule (HRPT) cells
overexpressing ACSL1 shRNAs or cDNA exposed to palmitate
(Supplemental Figure 3). That ACSL1-transfected cells did not
exhibit greater enhancement of LC-CoA content, as was observed
in heart (31), may be due to cytotoxicity caused by the combina-
tion of ACSL1 overexpression and palmitate, or that the rate-lim-
iting step controlling LC-CoA concentration is CPT1-mediated
beta-oxidation, rather than ACSL1-mediated LC-CoA synthesis.

Figure 7A reveals the effects of NEFA metabolism modula-
tion on palmitate-induced apoptosis. Increased apoptosis was
observed in etomoxir-treated cells, whereas triacsin C protected
cells from apoptosis. Similar results were observed in cells
exposed to 5 mM or 25 mM glucose, though the magnitude of
apoptosis was greater with the higher glucose conditions (Sup-
plemental Figure 4). As shown in Figure 7B, silencing of ACSL1
expression with 2 different shRNAs protected against apoptosis.
ACSL1 overexpression did not result in significant additional
increases in apoptosis, consistent with the minimal increase in
LC-CoA content (Supplemental Figure 3B). Individual NEFAs
sort to unique domains and potentially exert different effects on
proximal tubules (51-53). To test whether results were specific to
palmitate, LLC-PK1 cells were exposed to a mixture of saturated
and unsaturated long-chain NEFAs that reflects the distribution
in serum (54, 55). This maneuver also caused significant apop-
tosis (Figure 7C).

Proximal tubule NHE1 is cytoprotective in vivo and in vitro (8,
11). The effects of etomoxir, triacsin C, ACSL1 shRNA, and ACSL1
overexpression on NHE1 activity are shown in Figure 7, D and E.
Glucose plus palmitate inhibited NHE1 activity, an effect that
was enhanced by etomoxir incubation and reversed by triacsin
C (Figure 7D). In HRPT cells exposed to glucose and palmitate,
ACSL1 overexpression was associated with a slight but significant
decrease in NHE1 activity, whereas shRNA-mediated suppression
of ACSL1 expression attenuated the effect on NHE1 (Figure 7E).

To assess specificity of LC-CoA for NHE1-dependent cell sur-
vival, the effect of glucose plus palmitate was determined in wild-
type and NHE1-null (Swe/Swe) mouse proximal tubule cells. As
revealed in Figure 7F, the magnitude of lipoapoptosis was nearly
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Figure 6

ACSL1 expression in proximal tubule. (A) Immunohistochemical local-
ization in mouse kidney of ACSL1, (B) proximal tubule with T purpureus
lectin, and (C) merged images. Original magnification, x20 magnifica-
tion. Gl, glomerulus; *, distal tubules. (D) HRPT cells were stably trans-
fected with shRNAs directed against ACSL1 or a scrambled sequence
construct. LLC-PK1 cells were transiently transfected with an ACSL1
adenoviral vector (Ad-ACSL1). Cell lysate proteins were separated by
SDS-PAGE, transferred to PDVF membranes, and immunoblotted for
ACSL1 expression. Blots were then stripped and reprobed for a-tubulin
expression as a loading control.

equivalent in wild-type and Swe/Swe cells, indicating that, with
inhibition of NHE1 activity by palmitate plus etomoxir, wild-type
and Swe/Swe cells became indistinguishable; under both condi-
tions, cells lost the cytoprotective effect of NHE1, which lead to
lipoapoptosis vulnerability. These data are consistent with other
apoptotic stimuli. Those that do not affect NHE1 activity, such as
camptothecin (Supplemental Figure 5A), caused an accentuated
apoptotic response in NHE1-null cells (Supplemental Figure 5B).
For stressors that inhibit NHE1, such as etoposide and Taxol (Sup-
plemental Figure 5A), there was no additive effect of LC-CoAs on
apoptosis in NHE1-null cells (Supplemental Figure 5B).

Discussion

Of the few prognostic factors that have been identified in patients
with chronic kidney diseases, albuminuria and tubular atrophy are
among the most reliable predictors of disease progression (2-4, 56,
57). However, the connection between albuminuria and tubular
atrophy has not been obvious, in part due to neglect of the effects
of NEFA binding to filtered albumin (58). In vivo and in vitro
studies demonstrated that proximal tubule apoptosis is induced
by the bound NEFA (16-19, 59), thereby implicating lipotoxicity
as a potential mechanism for disease progression and relegating
albuminuria to biomarker status. Our data advance this concept
by demonstrating NEFA, LC-CoA, and triacylglycerol deposition
in proximal tubules from mouse models of nephrosis and glomer-
ulosclerosis and LC-CoA-mediated apoptosis in proximal tubule
cell lines exposed to albumin/NEFA complexes.

LC-CoAs have been implicated in multiple diseases (29), though
pathophysiologic mechanisms had not been established previ-
ously. Based upon our data, we envisioned a scenario for chronic
kidney disease, as depicted in Figure 8. In proteinuric glomerular
diseases, which are often accompanied by hyperlipidemia, NEFAs
are heavily bound to albumin and filtered, thereby permitting
proximal tubule luminal exposure and uptake of NEFAs in large
quantities. The CD36 scavenger receptor has been suggested to
be involved in proximal tubule NEFA transport in humans (60),
but it is not expressed in the proximal tubules of wild-type or dia-
betic mice (Supplemental Figure 6 and ref. 60). Vectorial acylation
(or metabolic channeling), by an enzyme complex that includes
ACSL1 and fatty acid transport protein-2 (FATP2) (refs. 61, 62,
and S. Khan and J.R. Schelling, unpublished observations), instead
directs NEFAs for simultaneous uptake and metabolism (63, 64).
Following esterification, LC-CoA intermediates are transported
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Figure 7

Wild type mPCTs ~ Swe/Swe mPCTs

LC-CoAs promote apoptosis through inhibition of NHE1 activity. (A) LLC-PK1 cells were incubated with glucose (25 mM, 24 hours), delipidated
BSA (0.5%) complexed with palmitate (100 uM, 24 hours), etomoxir (100 uM, 24 hours), and triacsin C (5 uM, 12 hours) and assayed for apoptosis
by TUNEL. Palmitate (400 uM) caused nearly 100% apoptosis, reflecting poor palmitoyl-CoA incorporation into lipid droplets (90) (n = 7 per group).
*P < 0.05 compared to groups in lanes 6 or 7. (B) HRPT cells were stably transfected with ACSL1 or scrambled shRNAs or transiently transfected
with adenoviral ACSL1 constructs and then assayed for apoptosis by TUNEL (n = 4-6 per group). *P < 0.05 compared to untreated cells. (C)
LLC-PK1 cells were incubated with glucose (25 mM, 24 hours) with or without delipidated BSA (0.5%, 24 hours) complexed with palmitate or
mixed NEFA (palmitate/stearate/oleate/linoleate = 3:1:4:2, 100 uM total concentration, 24 hours), etomoxir (100 uM, 24 hours), or triacsin C (5 uM,
12 hours), and then assayed by TUNEL (n = 4 per group). *P < 0.05 compared to other 2 groups. (D) LLC-PK1 cells were incubated with reagents
as in A. NHE1 activity (dpH/dT) was determined, as described in Methods (n = 3 per group). *P < 0.05 compared to untreated and triacsin C—
treated groups. (E) HRPT cells were transfected as in B, and NHE1 activity was measured as in D (n = 4 per group). *P < 0.05 compared to untrans-
fected cells. (F) C57BL/6 wild-type and Swe/Swe proximal tubule cells were incubated with reagents as in A. Apoptosis was measured by TUNEL

(n =3 per group). *P < 0.05 compared to untreated group.

into mitochondria or peroxisomes by the rate-limiting enzyme,
CPT1a, and oxidized to generate ATP (Figure 8, pathway 1). When
energy nee