bioRxiv preprint doi: https://doi.org/10.1101/2024.01.13.575426; this version posted January 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Excess dietary sodium partially restores salt and water homeostasis caused by loss of the
endoplasmic reticulum molecular chaperone, GRP170, in the mouse nephron

Aidan Porter*?, Hannah E. Vorndran®, Allison Marciszyn®, Stephanie M. Mutchler®, Arohan R. Subramanya®*,
Thomas R. Kleyman®*®, Linda M. Hendershot®, Jeffrey L. Brodsky', Teresa M. Buck*

From the 'Department of Biological Sciences, “Division of Pediatric Nephrology, *Renal-Electrolyte Division,
Department of Medicine, “Department of Cell Biology, and *Department of Pharmacology and Chemical
Biology, University of Pittsburgh, Pittsburgh, PA, °Department of Tumor Cell Biology, St. Jude Children’s

Research Hospital, Memphis, TN 30105

*To whom correspondences should be addressed:
Teresa M. Buck, Ph.D., 352 Crawford Hall, Department of Biological Sciences, University of Pittsburgh,

Pittsburgh, PA 15260; Tel: 412-624-4830; Email: teb20@pitt.edu


https://doi.org/10.1101/2024.01.13.575426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.13.575426; this version posted January 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

The maintenance of fluid and electrolyte homeostasis by the kidney requires proper folding and trafficking of
ion channels and transporters in kidney epithelia. Each of these processes requires a specific subset of a
diverse class of proteins termed molecular chaperones. One such chaperone is GRP170, which is an Hsp70-
like, endoplasmic reticulum (ER)-localized chaperone that plays roles in protein quality control and protein
folding in the ER. We previously determined that loss of GRP170 in the mouse nephron leads to hypovolemia,
electrolyte imbalance, and rapid weight loss. In addition, GRP170-deficient mice develop an AKI-like
phenotype, typified by tubular injury, elevation of clinical kidney injury markers, and induction of the unfolded
protein response (UPR). By using an inducible GRP170 knockout cellular model, we confirmed that GRP170
depletion induces the UPR, triggers an apoptotic response, and disrupts protein homeostasis. Based on these
data, we hypothesized that UPR induction underlies hyponatremia and volume depletion in rodents, but that
these and other phenotypes might be rectified by supplementation with high salt. To test this hypothesis,
control and GRP170 tubule-specific knockout mice were provided with a diet containing 8% sodium chloride.
We discovered that sodium supplementation improved electrolyte imbalance and reduced clinical kidney injury
markers, but was unable to restore weight or tubule integrity. These results are consistent with UPR induction
contributing to the kidney injury phenotype in the nephron-specific GR170 knockout model, and that the role of
GRP170 in kidney epithelia is essential to both maintain electrolyte balance and cellular protein homeostasis.
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INTRODUCTION

The kidney is indispensable for electrolyte and water homeostasis, blood pressure control, and waste
excretion. Acute kidney injury (AKI), the rapid deterioration of renal function, is marked by rising serum
creatinine, oliguria, toxin accumulation, and disruption of water and electrolyte homeostasis. Affecting ~15% of
hospitalized patients, AKI significantly increases in-hospital mortality, and contributes to ~2 million deaths
annually (1). AKI has also been linked to hypertension, chronic kidney disease, and the need for future dialysis
(2). The kidney, which receives about 25% of cardiac output, is especially vulnerable to injury because of its
metabolically-taxing responsibilities, as well as the osmolar, hemodynamic, and toxic stressors to which
nephrons are exposed (3).

Each nephron segment is lined by specialized epithelial cells that express myriad transmembrane channels
and transporters (4). These epithelial cells in the proximal tubule (PT) reabsorb the vast majority of the
glomerular filtrate, including ~70% of sodium, and virtually all urinary protein, amino acids, and glucose (5-7).
The PT is also essential for activating Vitamin D, gluconeogenesis, renin production, solute secretion, and
generating ammonia (7—12). These energy-intensive processes likely explain the abundance of mitochondria in
the PT epithelium—second only to the density in the myocardium—and the importance of the PT in AKI
pathogenesis (13, 14). Downstream of the PT, the distal convoluted tubule (DCT) and collecting duct, which
are under the control of aldosterone and antidiuretic hormone, are vital for fine-tuning sodium, potassium, and
water reabsorption largely via the epithelial sodium channel (ENaC), the renal outer medullary potassium
channel (ROMK), aquaporin 2 (AQP2), and aquaporin 4 (AQP4) (15-17).

Because of the crucial role of transmembrane channels and transporters in renal physiology, the activities
associated with endoplasmic reticulum (ER)—which oversees the biogenesis of nearly all membrane and
secreted proteins—are indispensable for kidney function and, accordingly, the health of renal and all other cells
in the body. To support ER function, molecular chaperones within the ER lumen facilitate protein synthesis,
maturation, and quality control (18—20). For example, our prior studies established a direct role for one such
ER lumenal chaperone, GRP170 (the product of the HYOU1 gene), during the biogenesis of the epithelial
sodium channel, ENaC. Specifically, we showed that GRP170 facilitates the proteosome-dependent ER-
associated degradation (ERAD) of unassembled aENaC subunits in yeast, mammalian cells, and Xenopus
oocytes (21-23).

GRP170 is an Hsp70-like protein and member of the large Hsp70 family that includes the cytosolic Hsp110
chaperones(24). GRP170 also contributes to the biogenesis and/or quality control of mutant forms of al-
antitrypsin and insulin, and is linked to tumor survival and cholera toxin pathogenicity (25—-30). In addition to its
ability to bind and maintain the solubility of non-native proteins, GRP170 is also a nucleotide exchange factor
for the ER Hsp70 homolog and ER stress sensor, BiP (GRP78). GRP170 function has additionally been
implicated in kidney function and a variety of other conditions arising from the accumulation of immature
proteins within the ER (31-33).

To better delineate the relationship between ER molecular chaperones, ER protein homeostasis (proteostasis),
and renal physiology, we generated a doxycycline (dox)-inducible, nephron-tubule-specific conditional GRP170
knockout (KO) mouse (GRP170"™") (20). GRP170 deletion in renal tubular epithelial cells compromised
nephron function, leading to inappropriate naturesis, hyponatremia, hyperkalemia, impaired urinary
concentrating ability, weight loss, and hyperaldosteronism. The phenotype of GRP170""™" mice resembled that
of mice lacking or deficient in the a, B or y ENaC subunits (34—37), but in contrast to these models, GRP170"™
" mice also exhibited a profound AKI-like phenotype: elevated serum BUN and creatinine, and NGAL and Kim1
expression. In addition, the GRP170""" animals developed albuminuria and glucosuria, hallmarks of PT injury,
and renal histology revealed features consistent with PT injury. As predicted based on our prior work, the loss
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of GRP170 also altered nephron channel stability and trafficking, especially in the proximal nephron(22, 23,
38).

As noted above, ER homeostasis is critical for cellular health, but when ER function is blunted—Dby for example
an increase in misfolded proteins or cellular stressors such as oxidative injury or ischemia—a stress response
known as the unfolded protein response (UPR) is induced. The UPR has been linked to numerous kidney
diseases, including AKI (39, 40). In response to stress, UPR activation is initially an adaptive mechanism that
restores ER proteostasis by upregulating the production of ER chaperones, including GRP170, reducing
overall protein translation, and expanding ER volume(41). Beyond these responses, downstream, UPR
effectors augment protein folding and the destruction of misfolded proteins via ERAD, thereby reducing the
protein load in the ER (29, 42). If ER proteostasis is not restored or stress persists, however, the UPR instead
induces pro-apoptotic transcription factors, such as CHOP, which ultimately initiate a cell death cascade(42,
43). Indeed, we showed that induced depletion of GRP170 in the nephron of the GRP170N™" mouse was
associated with UPR activation and cell death. We therefore proposed that the UPR triggers the AKI-like
phenotypes noted above (20). Nevertheless, whether renal dysfunction and kidney injury in our GRP170"™"
mouse model was a direct consequence of UPR activation was unclear.

To potentially uncouple renal damage from the UPR upon GRP170 deletion in vivo, and more generally to
better define the role of ER chaperone function in AKI, we subjected GRP170"™" mice and littermate controls
to a high sodium (8%) diet (HS) after dox-inducible KO of the HYOUL loci. The basis of this approach is that
extra dietary sodium should compensate for the impaired water and electrolyte homeostasis we previously
observed in GRP170-deficient animals (20). Here, we show that repleting lost electrolytes improves
intravascular volume and ameliorates the AKI phenotype, but ultimately fails to prevent renal damage and pro-
apoptotic UPR activation. Together, these data support the role of the UPR in epithelial cell homeostasis in the
nephron, highlight the critical function of the GRP170 chaperone in renal function, and support the use of high
sodium diets—in combination with drugs that temper UPR activation and restore ER function—in AKI(44, 45).
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METHODS

Animal maintenance

Inducible renal-tubule-epithelial-specific GRP170""/Pax8-rTA/LC1 knockout mice (GRP170""") were
generated in a C57BI/6 background as previously described(20, 46). Age-matched GRP170N™"* littermates
(GRP170"™\WT/LC1 or GRP170™"*/Pax8-rTA/WT) were used as controls. All experiments conformed to
NIH Guide for the Care and Use of Laboratory Animals and were approved by the University of Pittsburgh
IACUC. Male and female mice (average age 22 weeks) were used in each experiment. Mice were housed in a
temperature-controlled room with a 12 hour light-dark cycle and allowed free access to deionized water. To
induce gene deletion, doxycycline (0.2% in sucrose) was added to the drinking water for 10 days as previously
described(20). Gene deletion was confirmed by gPCR of samples purified from whole kidneys.

To assess the effect of excess dietary sodium on renal physiology, mice were provided either standard chow
(Prolab Isopro RMH 3000) or high sodium (HS) chow (Teklad diet, Indianapolis, IN) from the start of
doxycycline administration until the animals were sacrificed. Standard and HS chow contains 0.3% and 8%
sodium, respectively. Animals were weighed a minimum of every 3 days.

Serum chemistry

Whole blood was aspirated from the right ventricle of anesthetized mice. Blood chemistry (Na*, K*, CI', BUN,
creatinine, glucose, hemoglobin, and hematocrit) was assessed using an iStat (Abbott Point of Care). The
upper limit of quantification for BUN is 140 mg/dl and the lower limit of detection for creatinine is 0.2 mg/dl. For
statistical validation, values above or below these thresholds were considered 140 mg/dl or 0.2 mg/dl,
respectively. Plasma aldosterone concentration was assessed using the Enzo Life Sciences Aldosterone
ELISA kit (ADI-900-173) per the manufacturer’s instructions.

Metabolic cage measurements

To assess water intake, urine composition and urine volume, mice were individually housed in metabolic cages
(Tecniplast) and fed gel-based diet prepared from either standard or HS chow as described above. After
allowing at least 24 hours to acclimate to the cage and food, 24-hour water consumption and urine volume
were recorded for two consecutive days. Urine osmolality was measured using an Osmette Micro-Osmotte
Osmometer (Precision Systems). Urine Na*, K*, and glucose were measured using flame photometry.

RNA extraction and quantitative PCR (qPCR)

Total RNA was extracted from 25 mg of whole kidney tissue by manual homogenization using a 25-gauge
needle in RLT buffer as described by the manufacturer (Qiagen RNeasy Mini Kit). The purity of RNA was
evaluated using a spectrophotometer (Thermo Fisher Scientific, NanoDrop One Microvolume UV-Vis
Spectrophotometer) and quality confirmed with agarose gel electrophoresis. cDNA was amplified from 1 pg of
total RNA according to the manufacturer’s instructions (QuantaBio gScript Supermix.) cDNA concentration was
measured by spectrophotometry, and samples diluted to a concentration of 15 ng/uL. Using 80 ng of cDNA per
replicate, quantitative PCR (QPCR) was carried out using the QuantStudio Il system (Thermo Fisher Scientific)
as previously described. Relative amplification was calculated by averaging results from a minimum of three
technical replicates and three to five biological replicates. Gene expression levels were normalized to B-actin,
and fold changes in gene expression were calculated using the 2*(-AACt) method.

Kidney histology and TUNEL Staining

Kidneys were harvested and preserved in formalin (for IHC) or 4% PFA (for immunofluorescence). Fixed
kidneys were embedded in paraffin and sectioned at a thickness of 4 um for either periodic Acid-Schiff (PAS)
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or terminal deoxynucleotidyl transferase biotin-dUTP nick-ended labeling (TUNEL) staining using standard
histological procedures. To assess renal histology, whole kidney sections, including the cortex and medulla,
were scanned with a 20x objective on a EVOS FL Auto Cell Imaging System (Thermo Fisher Scientific)
microscope. Apoptotic nuclei were identified by TUNEL staining using the ApoTag Fluorescein In situ
Apoptosis Detection Kit S7110 (MilliporeSigma) according to the manufacturer’s instructions. Tissues were
observed under a microscope Leica TCS SP8 Confocal Microscope (Leica Microsystems).

Statistics

Results are presented as mean +/- standard deviation (SD). Graphpad Prism software (version 9) was used for
statistical analysis. When comparing two groups, a Students’ t-test was performed. For comparison of three or

more experimental groups, ANOVA with post-hoc Tukey multiple comparison tests or Brown-Forsythe ANOVA
with post-hoc Benjamini multiple comparison tests (MRNA expression) were used to assess significance. In all

cases, a threshold of p <0.05 was considered statistically significant.

RESULTS

A high sodium diet normalizes serum electrolytes and improves intravascular volume in GRP170 KO
mice.

Our first objective was to better define the role of GRP170 in electrolyte homeostasis. Therefore, we deleted
GRP170 from the nephron by administering dox in drinking water to GRP170N™" and control mice for 10 days,
as described previously (20). Simultaneously, mice were fed either a HS diet (8% sodium), or a standard diet
(0.3% sodium) for 21 days and then sacrificed (see Fig. 1A). We previously showed that levels of GRP170
message and protein in the GRP170"™" mice fell to ~25% of the control, and the animals had lost ~20% of
their initial body weight by day 21 post-dox treatment (20). Thus, we predict that this would maximize our ability
to observe rescue by a HS diet and allow for a direct comparison to our extensive previous work(20). Because
of the extreme volume and hyponatremia previously described for GRP170""™" mice, we chose to administer
the 8% sodium diet rather than a more moderate sodium diet. In addition, high sodium diets are used clinically
for patients exhibiting hyponatremia or low blood pressure(47). Unless otherwise specified, both male and
female animals were used in each of the ensuing experiments (see below).

First, we observed that GRP170"™" mice on a HS diet maintained serum sodium and potassium
concentrations comparable to control mice on either the HS or standard diet (Fig. 1B and C). In contrast and
consistent with our prior data (20), the GRP170""" mice on the standard diet developed hypokalemia and
hyponatremia. Moreover, the HS diet normalized hemoglobin levels of the GRP170"™ mice (Fig. 1D). These
combined results suggest that additional sodium helps preserve intravascular volume and overcomes the
natriuretic effect caused by GRP170 depletion. However, GRP170""" mice on the HS diet still exhibit
significant weight loss (Supplemental Fig. S1A). The observed weight loss is consistent with persistent, mild
volume depletion and excess urinary water excretion (see below). Formally, weight loss could also reflect a
catabolic state induced by GRP170 deletion (see Discussion).

Secretion of serum aldosterone is stimulated primarily by hyperkalemia and to a lesser extent by volume
depletion (16). Based on the normalization of plasma sodium, potassium, and hemoglobin levels in GRP170N"
" mice on a HS diet, we predicted that aldosterone levels would be lower in GRP170N™ mice fed a HS rather
than the standard diet. Consistent with this hypothesis, extra dietary sodium reduced aldosterone levels in
GRP170"™ mice, yet aldosterone remained significantly higher in GRP170""" mice than in control animals fed
either diet (Fig. 1E). The most likely explanation for this result is that volume depletion persists.
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A high sodium diet fails to correct urinary electrolyte and water handling.

We next hypothesized that increased plasma aldosterone (Fig. 1F) represents an attempt to maintain
potassium homeostasis and/or intravascular volume, potentially due to impaired ion or water channel
expression. Yet, renal electrolyte homeostasis remains compromised in GRP170"™" mice even when given a
HS diet. In fact, this is consistent with ongoing weight loss in GRP170"™" mice on the HS diet (Fig. S1). Hence,
we next assessed renal water and electrolyte handling using metabolic cages to measure urine volume,
osmolality, and composition, and water intake of individual animals.

Typically, after a brief period of re-equilibration, during which extra dietary sodium and, thus, water is
reabsorbed, daily sodium intake equals excretion. Therefore, as expected based on the pronounced weight
loss in the GRP170-depleted animals, control and GRP170"""" animals on a HS diet produced more urine (Fig.
2A), consumed more water (Fig. 2B), and excreted more sodium (Fig. 2C) than littermates of the same
genotype fed a standard diet. However, GRP170""" mice fed HS chow still had significantly higher 24-hour
urine output, as well as lower urine osmolality, compared to control littermates on the HS diet (Fig. 2A, D). The
GRP170"™" animals also excreted less sodium and potassium than controls (Figures 2C, E). Because the
most efficient means of preserving intravascular volume is to retain sodium and water, GRP170"™ mice on a
HS diet are also expected to produce a relatively more concentrated urine than those on a standard diet,
provided functional ion channels and transporters are present at the epithelial cell apical membrane (17). The
fixed and relatively low urine osmolality of GR170 deficient animals (Fig. 2D) indicates, therefore, that a HS
diet does not reverse the severe urine concentrating defect. This may be a consequence of damaged PT cells,
impaired sodium reabsorption in the loop of Henle and distal collecting duct, and/or diminished water transport
in the collecting duct (17).

The high sodium diet also ameliorates kidney injury in the GRP170""™" mice.
Our results suggest that extra dietary sodium partially restores intravascular volume in the dox-treated
GRP170"™ animals. Because impaired renal perfusion resulting from volume depletion can cause AKI, we
predicted that GRP170-depleted animals fed a HS diet will present with a milder kidney injury phenotype than
GRP170"™ mice on a standard diet as well as the WT littermates, regardless of their diet(48). To test this
hypothesis, we first measured the levels of two established AKI biomarkers, BUN and creatinine(48).
Consistent with reduced injury, the cohort of GRP170"™ mice on a HS diet had significantly lower serum BUN
and creatinine than those on a standard diet (Fig. 3A, B), and BUN concentration in GRP170"™" mice was no
longer significantly elevated relative to control animals fed either diet. Furthermore, when we assessed
albuminuria, a marker of PT dysfunction (7, 49), the amount of albumin in the urine from GRP170"™ mice on a
HS diet, while still elevated, were somewhat lower than those on a standard diet (compare Fig. 3C to published
data(20). As expected, minimal levels of albumin were found in urine of control littermates on the standard or
HS diet. Next, to detect more subtle and specific evidence of epithelial cell injury in the nephron, we quantified
message levels corresponding to the tubular injury marker, NGAL (50, 51), from whole kidney specimens. As
shown in Fig. 3D, NGAL transcripts were elevated in GRP170"™ animals versus littermate controls, regardless
of diet and—although not statistically significant—were further elevated in animals fed a HS diet. This latter
result which may reflect the inherent nephrotoxicity of excess dietary sodium (see below) (52). In aggregate,
these findings suggest that a HS diet modestly improves but does not prevent select AKI-like features in
GRP170"™" mice.

Histopathologic evidence of AKIin GRP170"" mice is unaltered by a high sodium diet.

In individuals with AKI or in established AKI mouse models, evidence of renal damage can be visualized with
Periodic Acid-Schiff staining (PAS). Therefore, we next examined histologically the extent to which a HS diet
rescues kidney injury in the GRP170"™" mice. PAS-staining of kidney sections revealed that a HS diet had
minimal effects on the degree of tubular dilation, cell volume, brush border loss, intraluminal cell sloughing, and
cast formation in GRP170-depleted mice compared to GRP170"™" mice on a control diet (Fig. 4). In contrast to
the kidney injury markers examined in Fig. 3, PAS staining of kidney sections from WT littermates fed either
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the control or HS diet were indistinguishable. Interestingly, the histopathologic features in the GRP170"""" mice
remained more prominent in the outer cortex than in the medulla. Since PTs predominate in the cortex,
whereas other nephron segments are found primarily in the medulla (4), the injury pattern illustrates the vital
role of GRP170—and ER proteostasis more generally—in PT epithelial cell health. These results suggest that
the PT is the site of initial injury. This conclusion is especially striking since the cortex is better perfused and,

consequently, better positioned to benefit from volume expansion than the medulla (53).

High sodium diet fails to decrease the UPR in GRP170"™" mice.

We previously demonstrated that progressive loss of GRP170 is accompanied by induction of the UPR in
GRP170"™ mice (20). UPR activation and GRP170 expression have also been linked to numerous disease
states, including ischemic injury, diabetes, diabetic nephropathy, cancer, and neurodegenerative disease (27,
32, 54-58). We also recently showed that the progressive loss of GRP170 is accompanied by UPR activation
and induction of apoptotic markers in mouse embryo fibroblasts (38). Therefore, we asked if a HS diet tempers
UPR activation as a result of the downstream consequence of the amelioration of select kidney injury markers
in GRP170"™" mice (see above). To address this question, we compared steady-state mMRNA levels
associated with UPR-associated genes induced by each of the three UPR branches: sXbp1l, which is
downstream of IRE1 activation, BiP, which is downstream of ATF6 activation, and CHOP, which is downstream
of PERK activation(59). The levels of each were measured by gPCR in isolated kidneys from the GRP170"™"
mice fed either a HS or standard diet. Consistent with loss of GRP170 activating a global UPR, the levels of all
three markers rose significantly in the GRP170""" mice fed a standard diet compared to their WT littermates
(Fig. 5A-C). We also found that the HS diet was unable to blunt the elevated UPR and, in fact, sXbpl, and
CHOP levels were even higher in animals fed a HS diet, suggesting secondary effects on ER function in cells
exposed to high salt, as suggested by previous studies (60—63) (also see Discussion).

It is also important to note that BiP expression is temporally related to ER stress, with transient induction
followed by gradual resolution (64). We previously noted that BiP mRNA expression peaked at day 14 post dox
and then recovered by day 21 in dox-fed GRP170"™" mice (20). Hence, elevated BiP mRNA observed in the
HS diet cohort, in combination with milder renal injury (see above), is consistent with the possibility that that the
HS diet delays activation of the IRE1 arm of the UPR. Unfortunately, it is impossible to test this hypothesis
since the GRP170"™" mice have lost ~20% of their bodyweight by day 21 and must be sacrificed.

Because chronic UPR activation induces apoptotic cell death, we next asked if the HS diet ameliorated
apoptosis in GRP170 deficient animals(59). As shown in Fig. 6, however, renal cells examined from
GRP170"™ mice had a comparable number of TUNEL positive nuclei regardless of diet, while those from
GRP170"* mice had few TUNEL positive cells. The presence of TUNEL positive cells and elevated expression
of the pro-apoptotic transcription factor, CHOP, in GRP170"""" animals suggest that the HS diet is unable to
maintain cell viability. Overall, these data suggest that compromised renal electrolyte handling drives a portion,
but not all, of the AKI-like phenotypes of the GRP170-deficient mice. Our results also suggest UPR-mediated
tissue damage is also a likely contributor to kidney injury.

Male GRP170""™" mice are more refractory to high sodium restoration of select phenotypes.

Sex specific differences in renal physiology are well-documented. For example, males of both humans and
rodents are more sensitive to kidney injury than females (65—-68). We previously determined that male
GRP170"™ mice were also more sensitive to the loss of GRP170 than female mice (20). To assess whether
sex-dependent effects also correlated with the extent of rescue when GRP170"™" mice were maintained on a
HS diet, we reanalyzed the data for several phenotypes by sex. In brief, we found that the HS diet normalized
both plasma sodium and potassium (Fig. 7A-B) and led to volume expansion, as indicated by hemoglobin
levels (Fig. 7C) in both sexes. In contrast, the HS diet failed to rescue GRP170 depletion-associated weight
loss in either sex (Fig. S1). As we previously found, male GRP170"""" mice were again more sensitive to
injury, as reflected in the BUN and creatinine levels (20) (Fig. 7D-E). Strikingly, however, BUN and creatinine
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levels were normalized in female mice maintained on a HS diet, whereas the levels of these kidney injury
markers, while lower, remained elevated in male mice. Renal histology revealed that male mice additionally
exhibited more extensive tubular injury than females, though the effect of dietary sodium supplementation was
negligible in both cases (Fig. 4 and Fig. S2). Therefore, we conclude that the HS diet more completely rescues
the GRP170 KO in female than male mice.

DISCUSSION

Molecular chaperones in the ER are vital for protein folding, post-transcriptional modifications, the removal of
defective proteins, and assembly of secreted and transmembrane proteins, and defects in these processes
have been linked to many diseases (18, 19, 69, 70). Our lab previously demonstrated that one such
chaperone, GRP170, is required for the biogenesis of ENaC (Buck 2013, Buck 2017, Buck 2023), and that
GRP170 deletion in the nephron activates the UPR and leads to an AKI-like phenotype (20). However, the
mechanism by which GRP170 contributes to nephron epithelial integrity is unknown. Because a high sodium
diet augments intravascular volume and substantially ameliorates the renal phenotype of ENaC and
mineralocorticoid receptor KO mice, we hypothesized that supplemental sodium might also compensate for
GRP170 deletion by overcoming the inappropriate naturesis and water loss that accompanies GRP170
deficiency (20, 34, 35, 37, 71). Here, we report that sodium supplementation restored intravascular volume and
corrected hyponatremia and hyperkalemia and ameliorated AKI, but failed to significantly blunt UPR activation
in GRP170-deficient mice. These results strongly suggest that UPR activation also contributes to AKI in the
GRP170 depletion model.

Similar to sodium supplementation in GRP170"™" mice, sodium supplementation in a, B and yENaC and

mineralocorticoid receptor deletion mice rescued many of the phenotypes associated with these model
systems (34-36, 71). In particular, we report that HS intervention improved intravascular volume, normalized
serum electrolytes, and somewhat reduced plasma aldosterone levels. However, sodium supplementation was
unable to prevent weight loss in GRP170""™" mice or reverse the urine concentrating defect and naturesis, as it
did in the mineralocorticoid and aENaC KO models (35, 71). Since intravascular volume appears restored in
GRP170"™ mice, ongoing weight loss may reflect—at least in part—a refractory catabolic state linked to
GRP170 deficiency. Notably, previous studies reported some Pax8 expression in thyroid tissue(72, 72), which
in principle may contribute to weight loss in GRP170""™" animals (Fig. S1). Nevertheless, GRP170"™" mice are
also distinguished by their AKI-like phenotype. Though saline loading partially ameliorated kidney injury,
GRP170 deficient mice still had refractory azotemia and elevated NGAL expression. PAS staining also
revealed pathologic hallmarks of AKI.

The persistence of urinary abnormalities and an AKI-like phenotype in GRP170""" mice points to a crucial,
generalized role for GRP170 in renal physiology beyond its effects on distal tubular sodium handling. This
conclusion is supported by persistent albuminuria, an indication of PT dysfunction, in these animals(48).
Histologic evidence of persistent severe injury in the renal cortex, and relative sparing of the medulla despite
volume expansion, further suggests that injury occurs initially in the PT rather than in the distal nephron. Thus,
GRP170 deficiency directly affects PT homeostasis. Consequently, we propose that proximal tubulopathy is
likely the dominant phenotype of GRP170 depleted mice because the PT is highly dependent on aerobic
metabolism and poorly perfused, even under ideal circumstances (14). Hence, the PT is especially vulnerable
to oxygen debt or other cell stressors, such as the UPR and ER stress, which can also compromise
mitochondrial function and impair ATP generation (53, 73-75).

By enhancing renal perfusion, supplemental sodium may have delayed kidney injury without addressing a
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secondary source of injury: impaired ER proteostasis and UPR activation. This conclusion is consistent with
the observation that expression of a pro-apoptotic transcription factors, CHOP, was induced in GRP170-
depleted animals given a high-salt diet. Activation of the UPR-transducer, PERK, leads to CHOP induction(76).
While PERK signaling is transiently cytoprotective, sustained PERK instead initiates CHOP-mediated
apoptosis (42, 64). In addition, TUNEL positive, apoptotic, cells persist in GRP170-deficient animals despite a
HS diet. Paradoxically, and as documented in our prior work (20), markers of the adaptive UPR, including BiP
and Xbps1, were also upregulated. This may reflect the myriad functions of GRP170 as both a chaperone and
integral element of the UPR (also see below) (77).

Our analysis of UPR activation in animals fed a high-sodium diet is complicated by the effects of sodium on cell
stress. Excess sodium consumption leads to oxidative injury and hypoxia, and can predispose animals to AKI
(78, 79). Moreover, hyperosmotic environments alter membrane protein trafficking and favor protein
aggregation, thereby causing ER stress and activating the UPR (60-63). This is especially relevant since the
nephron is exposed to wide fluctuations in osmolality. For example, in a collecting duct principal cell model,
NaCl administration preferentially upregulated BiP and ATF6 expression and PERK phosphorylation, but not
XBP1 splicing (63), a pattern which favors cell death rather than resilience. In addition, rats administered 1.5%
NacCl in drinking water for eight weeks had elevated urinary Kim1 levels, and ATF4 and CHOP expression.
Transcription of Bcl-2, an inhibitor of apoptosis, was also reduced. Interestingly, though, there was evidence of
mild tubular dilation, inflammation, and fibrosis in kidneys obtained from these animals, their serum BUN and
creatinine concentrations were indistinguishable from mice provided distilled water (80). In our current study,
we similarly noted higher CHOP levels in control animals fed the HS compared to standard diet. The combined
effect of GRP170 deficiency and sodium stress may explain why GRP170""" mice fed a HS diet exhibited
elevated UPR induction and NGAL/Kim1 expression than those fed a standard diet. While the confounding
effects of sodium limit conclusions about the pattern of UPR activation, the dramatic UPR induction seen in
GRP170"™ mice nonetheless highlights the chaperone’s profound importance in the UPR.

As with diet, sex influences renal physiology and, quite likely, the UPR as well. In mice and humans, females
are less susceptible to kidney injury (81-84). Each sex also regulates sodium reabsorption differently. For
example, female mice excrete a saline load more rapidly than males because of reduced proximal tubule
reabsorption (85, 86). Yet, the basal levels of NCC and cleaved a and yENaC expression are as much as 50%
higher than males, potentially facilitating more effective distal sodium reabsorption and potassium excretion
(85). Finally, males are more sensitive to ER stress-related kidney injury and exhibit greater induction of BiP,
CHOP, and XBP1s compared to females (67). Our results are consistent with these observations. In the case
of GRP170"™" mice, female mice likely have a milder phenotype than males because of a combination of
reduced vulnerability to AKI, more baseline ENaC expression, and—probably most importantly—a less robust
UPR. Critically, the relatively modest UPR and AKI phenotypes of females lends credence to the potential for a
genetic or epigenetic UPR suppressor which ameliorates kidney injury.

In conclusion, this study further establishes our inducible murine model as a powerful tool with which to probe
the relationship between the UPR, molecular chaperone function, and AKI, and to clarify which downstream
UPR pathways and factors promote and/or kidney injury. Based on the partial rescue of several phenotypes
associated with the emerging links between these phenomena, it will be critical in future work to determine
whether UPR-directed pharmaceuticals can prevent or ameliorate AKI, and whether their effects are magnified
when combined with a HS diet.
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Figure 1: High sodium diet partially restores intravascular volume depletion and normalizes plasma sodium
and potassium concentrations in mice lacking GRP170 expression in the nephron tubular epithelium. (A) Mice
were treated with doxycycline to induce GRP170 deletion and simultaneously fed a standard chow or 8% sodium diet
until sacrifice after 21 days. Blood chemistry data is presented here (B and C) plasma electrolytes, (D) hemoglobin, and
(E) aldosterone. Data represent the means +/- SD; n=4-13. *P<0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statisti-
cal significance determined by 1-way ANOVA followed by Tukey’s multiple-comparison test.
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Figure 2: High sodium diet fails to rescue the urine concentrating defect and naturesis of GRP170N™- mice. Mice
were kept individually in metabolic cages to allow collection of 24 hour urine samples. Urine samples were
collected and water consumption measured on the day prior to sacrifice. (A)Urine volume, (B) water intake and (C)
urine osmolality; (E and F) 24 hour sodium and potassium excretion; Data represent the means +/- SD; n=4-10. *P<0.05,
**P <0.01, ***P < 0.001, ****P < 0.0001. Pairwise comparisons were made for (C).


https://doi.org/10.1101/2024.01.13.575426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.13.575426; this version posted January 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

B. ® GRP17OMT
BUN Creatinine
kkok ok = GRP170MT"
i RRRE
150m S 2.5- :
[ ] [ ]
2.04 |
. .
3 b 5 15 n.s.
=2 ()] :
g . € 1.0-
50 u
0.5+
L
0 7 r ' . 0.0
Standard Diet 8% Na Diet Standard Diet 8% Na Diet
D.
GRP170N™**  GRP170NT+- LCN2 (NGAL)
*
800
()]
g :
_‘:“ 600
* i
o _
S 400
5] |
L 200 &1
| . ) o
8% NacCl Die L T
Standard Diet 8% Na Diet

Figure 3: A high sodium diet ameliorates but does not prevent kidney injury due in GRP170"™ mice.
g\ and B) Serum BUN and creatinine concentration. (C) Equal volumes of urine were subjected to
DS-PAGE and stained with Coomassie blue to detect urinary albumin excretion. (D) LCN2 (NGAL) rela-

tive mRNA expression. Data represent the means +/- SD; n= 4-10. *P<0.05, **P < 0.01, ***P < 0.001, ****P
< 0.0001.
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Figure 4: High sodium diet does not prevent kidney injury caused by loss of GRP170 expression in the neph-
ron epithelium. Representative PAS stained kidney sections from female GRP170N™* and GRP170N™- mice fed either
a standard or an 8% sodium diet are shown. GRP170"™"- mice exhibit histological findings characteristic of kidney injury:
tubular epithelial thinning and dilation, epithelial cell sloughing, and granualar casts. Scale bar: 200 microns.
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Figure 5: The unfolded protein response éUPR) is induced to a similar degree in GRP170"™" animals
fed a standard and high sodium diet. (A, B, C) mRNA transcript expression of UPR effectors determined

by gPCR from whole kidneys from male mice. Data represent the means +/- SD; n=4-10. *P<0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Standard Diet
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Figure 6: High sodium diet does not ameliorate renal tubular apoptosis caused by loss of GRP170. Representa-
tive staining of kidney sections from GRP170N™* and GRP170N™ male mice fed eith a standard or an 8% sodium diet
are shown. Scale bar: 75 microns.


https://doi.org/10.1101/2024.01.13.575426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.13.575426; this version posted January 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

A available under aCC-BYBIC-ND 4.0 International license.
Plasma [Na+] Plasma [K+]
Kk kk
160- TR 10 = { ook
s 0 g i$ T 8"
. |@-% e1%% 3 6
g 140-1 © i v e E ’ *
£ 130 47
M E M 2_
120+ : : : : :
: : : 0 : : :
F M F M F M _F M
Standard Diet 8% Na Diet Standard Diet 8% Na Diet
C. D
[Hgb] BUN
kK%
207 4% ik 200+ ****. kokkoki
R R 150-
5 i eF_F 5
210 iy i@ 5100 -
E A =
5+ 50 - %
N To v e - -
F M F M F M F M
Standard Diet 8% Na Diet Standard Diet 8% Na Diet
E.
Creatinine
Kokk* Kk Kk
2.5m Rk : ® GRP170"T" Female
2.0 XX ® GRP170"T" Female
T 1.5+ m: : :
> : v GRP170"T" Male
1.0 : : :
0.5+ i oi i i * GRP170"T" Male
® ‘w emiw
0.0 2
F M

Standard Diet 8% Na Diet

Figure 7: High sodium diet restores resuces female GRP170"™- mice more completely than male GRP170N™-
mice. (A and B) Plasma electrolytes, (C) hemaglobin, (D) BUN and (E) creatinine. Data represent the means +/- SD;

n=4-13. **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical significance determined by 1-way ANOVA followed by
Tukey’s multiple-comparison test (3 or more data sets).
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