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Chapter 7

The exact mechanisms linking cyst formation and disease progression in autosomal dominant
polycystic kidney disease (ADPKD) remain to be fully understood, although significant
progress has been made in recent years. Much more is known about the consequences
of cyst growth: dysregulation of the intracellular signaling machinery. Many therapeutic
candidates have been tested preclinically and also in clinical trials, but so far only the
vasopressin V2 receptor antagonist tolvaptan has been approved as an ADPKD treatment.
Side effects of tolvaptan use include hepatotoxicity and polyuria, which limits its use to
only a subset of patients with rapidly progressing ADPKD!. A large group therefore remains
without effective treatment.

Due to the high costs involved in the development of novel drugs, drug repurposing, the
use of known drugs for new indications, has become more attractive. Drug repurposing
has already yielded positive results, with a recent prominent example being the antiviral
remdesivir named first-in-class treatment for COVID-19%3, As many pathways are affected by
disease progression in ADPKD, the list of drug targets viable to target via drug repurposing is
extensive. In this thesis, we have investigated various drug treatments originally developed
for other indications, for their efficacy in preclinical ADPKD models. In addition, we have
looked into the molecular mechanisms involved in their potential effects.

In chapter 2, we investigated the preclinical potential of a combination treatment of
tolvaptan and the PPARy agonist pioglitazone. As both have been shown to slow down
disease progression in vivo via different pathways, we hypothesized that a combination
treatment could be synergistic and more effective than single-treatment with either
drug*®. Both tolvaptan single-treatment and the combination treatment were effective,
but comparable in improving renal survival and in slowing down disease progression in
our adult-onset Pkd1 deletion mouse model (iKspCre-Pkd1%!). However, we did not see any
positive effects of pioglitazone single-treatment on renal survival, 2KW/BW% and the cystic
index. While the chosen dose, 30 mg/kg/day, was ineffective, plasma adiponectin levels
were similar to healthy individuals and type 2 diabetes patients treated with pioglitazone’®.
Our data is in line with a previous mouse study, which also did not observe any beneficial
effect of pioglitazone treatment, albeit a younger mouse model and a lower dose was
used®. A possible reason behind the differences in pioglitazone efficacy across models is
the expression of its target PPARy in the kidney. We observed a very low PPARy protein
expression in the mouse kidney and confirmed that this expression level was conserved in
rat and human kidney samples. In spite of this low expression, previous preclinical studies in
orthologous PKD rat models found positive effects of pioglitazone and its sister compound
rosiglitazone on cystic disease progression using a subclinical dose*51%12, Although the
results of pioglitazone in orthologous PKD rat models show a positive effect on cystic disease
progression, both studies are underpowered and report limited results, making it difficult
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to draw proper conclusions. The positive results in the rat models prompted a clinical trial
(NCT02697617) in which ADPKD patients were treated with low-dose pioglitazone®3. The
safety endpoints showed no differences between treatment and placebo, although longer
studies are required to properly evaluate drug safety. Efficacy endpoints showed no effects
of pioglitazone treatment on total kidney volume (TKV), kidney cyst volume, kidney cyst
index and the estimated glomerular flow rate (eGFR) after two years of treatment. As the
study was hindered by a low sample size, also drug efficacy should be evaluated in a longer
follow-up study.

Nevertheless, the preclinical studies on pioglitazone show a discordance in results, possibly
due to differences in pioglitazone target expression, pharmacokinetics, pharmacodynamics
and extra-renal manifestations between the species. Although further clinical investigations
are required to establish pioglitazone’s clinical efficacy, the seemingly contrary research
on pioglitazone in ADPKD illustrates the number of and the heterogeneity within in vivo
models used in preclinical research, and the difficulties comparing results between them.
The translation of preclinical results is highly dependent on for example, the species, age,
genetic background, disease onset and disease progression of the chosen model. The high
number of tested compounds that do not show clinical efficacy reinforces the notion that
every preclinical model has its limitations in mimicking human disease and that a more
standardized approach in the preclinical validation of ADPKD therapeutic candidates is
required. A first step towards this could be to implement a recently proposed standardized
preclinical workflow!“. This can then be expanded to the testing of treatment candidates in
at least two animal models, out of which at least one has a Pkd1 mutation related to human
disease to ensure translatability*>*. Clinical translation can be aided further by including
novel tools and human in vitro models in testing, such as ADPKD patient-derived induced
pluripotent stem cells, CRISPR/Cas9 technology, ADPKD patient-derived 3D cultures, kidney
organoids and tubuloids and organ-on-a-chip technology”?2.

In chapter 3, we investigated whether AMPK activation can be effective in reducing cystic
disease progression in vivo. To achieve this, we used the anti-diabetic drug metformin,
previously shown to slow down cystogenesis in mice and a miniature pig model®*?, We
also tested two other AMPK activators, canagliflozin and salsalate, as well as a combination
treatment of metformin with each of these compounds, to examine potential additive
or synergistic effects. We found that mice treated with salsalate (single treatment or in
combination with metformin) have attenuated renal cystic disease, while groups treated
with canagliflozin and/or metformin showed no improvement. We followed up on this
research to further detail the molecular mechanismsinvolved in salsalate’s beneficial effects.
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In chapter 4, we investigated the effects of a short salsalate treatment (2 weeks) on mild
cystic mice, to have limited interference of the dysregulated intracellular signalling at later
stages of the disease. Using NMR metabolomics and bulk RNA-sequencing, we found that
salsalate reverts the metabolic reprogramming in ADPKD and also reduces the increased
proliferative and inflammatory signalling in ADPKD. Salsalate is a prodrug of salicylate, a
compound that activates AMPK, but also has been reported to have other binding partners.

We therefore investigated in chapter 5 whether the effects of salicylate on ADPKD signalling
pathways in vitro are attributable to AMPK activation alone, or whether other salicylate
binding partners also have a role in this. We found that salicylate affects cellular metabolism,
cell proliferation, inflammation and oxidative stress in Pkd1”- renal epithelial cell lines via
AMPK activation, but also can induce mitochondrial uncoupling independent of AMPK. In
addition, we found salicylate reduces forskolin-induced cyst swelling in both murine and
ADPKD patient-derived 3D cultures.

AMPK is classically viewed as a master regulator of cellular energy homeostasis, ensuring
an ATP balance by increasing generation and decreasing usage. However, it has many
more functions, also regulating autophagy, mitochondrial and lysosomal homeostasis, cell
proliferation, DNA repair, cytoskeletal remodelling and cellular immunity?. Therefore, it is
more apt to view AMPK as not only a regulator of energy homeostasis, but as a regulator of
cellularhomeostasisin general. Its central role also illustrates its fitness as a therapeutic target
in chronic diseases like ADPKD, as many of these processes mentioned are dysregulated in
these conditions. Earlier research on AMPK targeting in ADPKD revealed metformin can slow
down cyst growth in 3D cultures and two Pkd1 deletion mouse models?. This was followed
by studies in other animal models and a phase 2 clinical trial in ADPKD patients?*2628,
While the trial found only non-significant effects on eGFR (improved) and height-adjusted
TKV (worsened), 65% of metformin-treated patients had to discontinue the medication
or adjust their dose regimen, indicating that the chosen dosage (2000 mg/day), although
safe, might not be feasible for long-term treatment. However, the pharmacokinetics of
metformin dictate that the used dosage is required for therapeutic renal efficacy?**. We
therefore reasoned that by using a second AMPK-activating drug in combination with
metformin, we could improve therapeutic efficacy. We found salsalate treatment to be
effective in slowing down cystic disease progression, but both canagliflozin and metformin
were not effective. Metformin inefficacy is contrary to previous results and could be due
to differences in administration. We opted for oral administration versus intraperitoneal
administration in the earlier mouse study. Another reason for the discordance could be
the rate of disease progression in the models. As we inactivate Pkd1 at post-natal (PN) day
18 and 19, this results in a slow disease progression (renal failure at 4 months), similar
to human disease progression®. Our results are in line with that of the slowly progressive
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Pkd1R</*¢ model, in which also no beneficial metformin effects were seen3*®. In contrast, the
earlier mouse study inactivated Pkd1 at PN 9-10, resulting in a faster disease progression
(renal failure at 2 weeks). Moreover, the miniature pig model in which metformin showed
efficacy is also a slow progressive disease model, but used a human equivalent dose of
2.77 g/day, which is not feasible for human use?* 3. These differences in study setup again
illustrate the need for a more standardized approach to preclinical testing of therapeutic
candidates. As the phase 2 clinical trial for metformin showed potential, a phase 3 clinical
trial (IMPEDE-PKD, NCT04939935) is currently recruiting participants, and will be using a
slow-release formulation of metformin, possibly circumventing the problems with regular
oral metformin administration. Moreover, another clinical trial is currently underway testing
a sister compound of canagliflozin, empagliflozin (EMPA-PKD, NCT06391450)%*. The results
of both clinical trials will provide more insight whether AMPK-activating therapeutics are
suited for ADPKD treatment.

We further investigated the molecular mechanisms through which salsalate exerts its
beneficial effects in cystic disease. As our main goal in chapter 3 was to test efficacy and not
look into the molecular mechanisms involved, it is prone to phenotypic bias. Because cystic
mice are treated with a compound that slows down cystic disease progression, these mice
will have a less severe phenotype and cellular signalling pathways that are less dysregulated
than their untreated cystic counterparts. However, as the disease phenotype is less severe,
it is impossible to distinguish compound-specific signalling effects, as any detected effects
on molecular signalling are likely due to the less severe phenotype, rather than effects of
the treatment. We therefore opted for a novel in vivo experimental design in chapter 4,in
which we chose to treat only mildly cystic animals with salsalate for a relatively short time
period, and compare them to untreated cystic animals with a similar disease phenotype.
In this way, any detected changes can be directly attributed to salsalate. We found that
salsalate activates fatty acid oxidation in mildly cystic mice, likely due to its AMPK-activating
capabilities. In addition, both NMR metabolomics and bulk RNA-sequencing data indicate
that salsalate also inhibits inflammatory, proliferative and oxidative stress pathways and
processes in vivo.

While many of these beneficial effects are possibly regulated through salsalate-induced
AMPK activation, another option is that these effects are due to possible secondary targets
of salicylate, salsalate’s active compound. In line with this possibility, multiple salicylate
binding partners have been established in literature, most of which are often involved in
cystic disease mechanisms3¢. We therefore looked in chapter 5 whether salicylate effects
on ADPKD signalling in vitro were solely mediated through AMPK or also through secondary
salicylate binding targets. We found that for most of the targets, salicylate exerts its effects
mainly via AMPK activation. Main features of ADPKD pathogenesis, such as dysregulated
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energy metabolism, epithelial cell hyperproliferation, higher pro-inflammatory activity
and increased oxidative stress were all affected by salicylate treatment in proximal tubule
and collecting duct Pkd1” cell lines, as well as by the direct AMPK activator A-769662 and
the indirect AMPK activator AICAR. This confirms the mechanisms found in vivo in chapter
4 and as all AMPK activating compounds affect the pathways and processes in a similar
manner, the AMPK-activating effect of salicylate/salsalate appears to be the driving force
behind its beneficial role in ADPKD in vitro and in vivo. We however also found an AMPK-
independent salicylate characteristic, namely mitochondrial uncoupling. Together with
the AMPK-dependent slowdown of glycolysis, it appears that salicylate/salsalate shift the
metabolic state of cystic epithelial cells from an anabolic one to a catabolic one through the
re-activation of less active metabolic pathways such as fatty acid oxidation. This metabolic
shift by lower glycolytic activity and higher oxidative activity has been reported before,
both in preclinical and clinical studies®-**. To translate our findings to a human model, we
also tested whether salicylate reduces 3D cyst growth in ADPKD patient-derived tissue.
We indeed found that salicylate reduces cyst growth in this model in a non-toxic manner,
showing for the first time that salicylate/salsalate is effective in reducing cyst growth in an
ADPKD model derived from patient tissue.

The beneficial effects of salicylate/salsalate likely extend further than only targeting the
cystic epithelium. As an aspirin derivative, salsalate holds similar anti-inflammatory
properties, but essentially lacks the acetyl moiety responsible for the bleeding risks and
gastrointestinal side-effects associated with aspirin®. An increased inflammatory response
is an ADPKD hallmark, providing another disease mechanism for salsalate to target. Indeed,
we show in chapters 3, 4 and 5 that salsalate treatment reduces the pro-inflammatory
effects in vitro (reduced activity of the pro-inflammatory NFkB pathway) and in vivo (less
macrophage infiltration and reduced pro-inflammatory gene expression) through AMPK
activation. AMPK activation has been shown before to reduce the inflammatory response
observed in chronic disease models of atherosclerosis, colitis, hepatic injury and arthritis®.
In addition, salsalate administration in diabetic patients and obese individuals has been
shown to reduce circulating levels of C-reactive protein (CRP), soluble CD40 ligand (sCD40L)
and immune cell count**#’, When also taking into account that salsalate has already been
approved by regulatory agencies, partly eliminating the high clinical testing costs, the case is
strengthened for salsalate to be further developed as a ADPKD drug. A first step towards this
should be to test whether salsalate can also reduce cyst growth in a second Pkd1 mutation
mouse model, such as the Pkd1*“/’® mouse model*®*°.

We followed up on an earlier drug repurposing study in chapter 6, where we tested the
5-lipoxygenase activating protein (ALOX5AP or FLAP) inhibitor fiboflapon, one of the most

promising hits of a previously performed drug repurposing screening combining gene
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expression profiling, bioinformatics, and cheminformatics®®. We found fiboflapon reduces
cyst swelling in both mouse collecting duct and ADPKD patient-derived 3D cysts, but did not
slow down cystic disease progression in a progressive and early-onset tamoxifen-inducible
Pkd1 deletion mouse model. Moreover, fiboflapon did not alter changes in renal health, cystic
severity, renal fibrosis and macrophage infiltration induced by the cystic phenotype. FLAP
is part of the leukotriene pathway, which generates pro-inflammatory signaling molecules
(leukotrienes) mainly in inflammatory cells such as neutrophils and macrophages®*. As such,
leukotriene pathway activity is relatively low in the epithelium, and it is therefore interesting
that we observe cyst reducing effects of fiboflapon in 3D cyst assays, where no immune
cells are present. Our results imply that either secondary fiboflapon targets are responsible
for the in vitro cyst reducing effects or that FLAP has non-leukotriene related interactions.
Secondary fiboflapon targets have not yet been identified, in part due to the lack of publicly
available preclinical data on fiboflapon. On the contrary, proteomic studies in human tissue
indeed identify potential FLAP interactions relevant to ADPKD>%>>3, One such interactor is
the chloride intracellular channel 1 (CLIC1), which is highly expressed in renal proximal
tubule cells®*. CLIC1 might be involved in ADPKD pathogenesis, as chloride secretion has
been described as a driver of cyst growth*>. In addition, CLIC1 knock-out reducing oxidative
stress and tissue fibrosis in mice, which are two other ADPKD pathogenic mechanisms®®*,
Another suggested interactor is aquaporin 6 (AQP6), belonging to the aquaporin family of
water channels. It therefore might play a role in fluid secretion into the cyst lumen, although
further studies are needed to validate this. Lastly, the free fatty acid receptor 2 (FFRA2),
also known as G-protein coupled receptor 43 (GPR43) is a suggested target, potentially
linking FLAP to the dysregulated metabolism in ADPKD. FFRA2/GPR43 is expressed in the
collecting duct and is mainly activated by short-chain fatty acids (SCFAs) such as acetate and
butyrate®®*°. FFRA2/GPR43 activation promotes the use of fatty acids in non-adipose tissues,
re-activating fatty acid oxidation, possibly beneficial in the context of ADPKD®. In addition,
multiple studies show FFRA2/GPR43 activation protects against diabetic nephropathy and
attenuates chronic kidney disease in vivo by reducing pro-inflammatory, pro-fibrotic and
pro-oxidative stress pathways®*%. While the exact interactions between FLAP and CLIC1,
AQP6 and FFRA2 remain to be elucidated, the possible benefits of targeting FLAP in ADPKD
warrant future studies. These future studies should first focus on testing fiboflapon efficacy
in an adult-onset, slow progressive ADPKD model with a dosing regimen comparable to
patient treatment.

Future perspectives

Current research on ADPKD mainly investigates whether it is possible to slow down disease
progression, rather than investigating possible curative options. This is a prudent approach,
as the diversity in polycystin mutations in ADPKD is very large, making therapy development
for a large group of patients very difficult. In addition, due to the polycystin protein size,
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the structural complexity of cell membranes and the delivery of proteins to the right
tissue, it is virtually impossible to test polycystin protein replacement therapies in current
model systems. However, steps forward have been made in restoring deleted polycystin
genes, as a recent study showed that PKD in mice can be reversed fully by Pkd1 or Pkd2
re-expression in an early disease stage and partially in a late disease stage®. Another study
using organoids from human pluripotent stem cells with nonsense PKD1 or PKD2 mutations
showed that heterozygous mutants do not develop cysts, while homozygous mutants do®®.
Base-corrected (either by adenine or cytosine base editing) heterozygous mutants
also showed no cyst growth in vitro. In addition, treatment of homozygous mutants
with eukaryotic ribosomal selective glycosides (ERSGs, compounds enabling ribosomal
readthrough of nonsense mutations) resulted in polycystin re-expression as well as reduced
cyst growth. Remarkably, ERSG treatment even resulted in cyst reversal in individual cultures.
Both studies are examples of the regenerative capacity of the cystic kidney, but it remains
unclear which mechanisms and/or cell types are responsible for the cyst reversal. Utilizing
these possible disease-curing applications clinically will likely take decades, but this research
is nevertheless a first step towards understanding cyst reversal mechanisms.

Many options are available and have been tested for treating ADPKD, but so far only the
vasopressin V2 antagonist tolvaptan has been approved for clinical use in ADPKD patients. As
already discussed, a more ordered approach towards preclinical testing, using a standardized
workflow and adult-onset, slow progressive Pkd1 mutation models will likely benefit
translatability towards the human situation. As many signalling pathways are affected, also
a plethora of targets is available, making a multitarget approach viable through either a
combination treatment of multiple drugs (as we pursued in chapters 2 and 3) or by using a
drug with multiple putative targets, such as salicylate/salsalate (as we pursued in chapters
4 and 5). Both options target the signalling machinery from different angles. Moreover, a
combination treatment could result in possible synergism between the two drugs, increasing
clinical efficacy and possibly enabling clinicians to use lower drug doses, limiting unwanted
side effects. In the clinic, a possible combination therapy was tested by comparing tolvaptan
monotherapy to tolvaptan and octreotide long-acting release (LAR). The combination of
tolvaptan plus octreotide-LAR lowered both total and cystic kidney volumes, compared to
tolvaptan monotherapy®. Although only performed in a small group of patients, this study
demonstrates combination treatments are feasible in ADPKD and warrant more research
into the different signalling pathways that could be targeted simultaneously for a larger
therapeutic effect.

The majority of therapeutic ADPKD research has focused on the cystic epithelium as a
target, as those cells are primarily affected by cyst formation and do not function properly

as a result of cyst formation. However, other cells play an important role in cyst formation

230



Summarizing discussion

and cyst growth as well, in particularimmune cells. Macrophages have been described quite
extensively in ADPKD, but until recently, other innate and adaptive immune cells have rarely
been investigated. In the last years, the role of the adaptive immune system in ADPKD is
becoming more clear, with multiple reports demonstrating the pro-cystic role of CD4* T-cells
and the cyst-protective role of CD8* T-cells®®®. The role of other adaptive immune cells and
(sub)populations needs to be further studied, which will be aided by a recent investigation
performing single-cell RNA-sequencing of CD45*immune cells in the mouse cystic kidney. This
study showed that adaptive immune cell subtypes present in non-cystic controls, non-injured
aged cystic mice and injury-accelerated cystic mice are significantly different’®. Moreover,
Rag1-deficient cystic mice (lacking an adaptive immune system) showed attenuated cystic
disease in injury-accelerated cystic mice, but not in aged cystic mice. This is in line with
previous results that showed renal injury accelerates cystic disease progression in both mice
and humans, and has been suggested to be a ‘third hit’ required for cyst development in
ADPKD”®. Immune cells contribute to the propagation of the injury by the production of pro-
inflammatory cytokines through inflammatory pathways, such as the NFkB and JAK-STAT
pathways, which are consequently upregulated in ADPKD’2. Considering the effectiveness
of immunosuppressive therapies in other chronic diseases, further research into applying
these could benefit ADPKD patients. Indeed, combination treatment with multiple immune
checkpoint inhibitors in adult-onset Pkd 1" mice resulted in improved disease outcomes’3.
Although caution is required due to the long-term treatment that is required for ADPKD,
this study is an example of how targeting of non-epithelial signalling might be beneficial in
search of an ADPKD treatment.

References

1. Chebib, FT., Perrone, R.D., Chapman, A.B., Dahl, N.K., Harris, P.C., Mrug, M., Mustafa, R.A., Rastogi, A.,
Watnick, T., Yu, A.S.L., and Torres, V.E. (2018). A Practical Guide for Treatment of Rapidly Progressive
ADPKD with Tolvaptan. J Am Soc Nephrol 29, 2458-2470. 10.1681/ASN.2018060590.

2. Beigel, J.H., Tomashek, K.M., Dodd, L.E., Mehta, A.K., Zingman, B.S., Kalil, A.C., Hohmann, E., Chu, HY.,
Luetkemeyer, A., Kline, S., et al. (2020). Remdesivir for the Treatment of Covid-19 - Final Report. N Engl
J Med 383, 1813-1826. 10.1056/NEJM0a2007764.

3. Olender, S.A., Perez, K.K., Go, A.S., Balani, B., Price-Haywood, E.G., Shah, N.S., Wang, S., Walunas, T.L.,
Swaminathan, S., Slim, J., et al. (2021). Remdesivir for Severe Coronavirus Disease 2019 (COVID-19)
Versus a Cohort Receiving Standard of Care. Clin Infect Dis 73, e4166-e4174. 10.1093/cid/ciaal041.

4. Blazer-Yost, B.L., Haydon, J., Eggleston-Gulyas, T., Chen, J.H., Wang, X., Gattone, V., and Torres, V.E.
(2010). Pioglitazone Attenuates Cystic Burden in the PCK Rodent Model of Polycystic Kidney Disease.
PPAR Res 2010, 274376. 10.1155/2010/274376.

5. Aihara, M., Fujiki, H., Mizuguchi, H., Hattori, K., Ohmoto, K., Ishikawa, M., Nagano, K., and Yamamura,
Y. (2014). Tolvaptan delays the onset of end-stage renal disease in a polycystic kidney disease model by
suppressing increases in kidney volume and renal injury. J Pharmacol Exp Ther 349, 258-267. 10.1124/
jpet.114.213256.

231



Chapter 7

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

232

Flaig, S.M., Gattone, V.H., and Blazer-Yost, B.L. (2016). Inhibition of cyst growth in PCK and Wpk rat
models of polycystic kidney disease with low doses of peroxisome proliferator-activated receptor
gamma agonists. J Transl Int Med 4, 118-126. 10.1515/jtim-2016-0028.

lkeda, Y., Takata, H., Inoue, K., Shinahara, M., Inada, S., Maruyama, H., Osaki, F., Suehiro, T., and
Hashimoto, K. (2007). Pioglitazone rapidly increases serum adiponectin levels in men with normal
glucose tolerance. Diabetes Care 30, e48. 10.2337/dc07-0308.

Cusi, K., Orsak, B., Bril, F., Lomonaco, R., Hecht, J., Ortiz-Lopez, C., Tio, F., Hardies, J., Darland, C., Musi,
N., et al. (2016). Long-Term Pioglitazone Treatment for Patients With Nonalcoholic Steatohepatitis and
Prediabetes or Type 2 Diabetes Mellitus: A Randomized Trial. Ann Intern Med 165, 305-315. 10.7326/
m15-1774.

Raphael, K.L., Strait, K.A., Stricklett, P.K., Baird, B.C., Piontek, K., Germino, G.G., and Kohan, D.E. (2009).
Effect of pioglitazone on survival and renal function in a mouse model of polycystic kidney disease. Am
J Nephrol 30, 468-473. 10.1159/000242432.

Dai, B., Liu, Y., Mei, C,, Fu, L., Xiong, X., Zhang, Y., Shen, X., and Hua, Z. (2010). Rosiglitazone attenuates
development of polycystic kidney disease and prolongs survival in Han:SPRD rats. Clin Sci (Lond) 119,
323-333.10.1042/CS20100113.

Yoshihara, D., Kurahashi, H., Morita, M., Kugita, M., Hiki, Y., Aukema, H.M., Yamaguchi, T., Calvet, J.P,
Wallace, D.P., and Nagao, S. (2011). PPAR-gamma agonist ameliorates kidney and liver disease in an
orthologous rat model of human autosomal recessive polycystic kidney disease. Am J Physiol Renal
Physiol 300, F465-474. 10.1152/ajprenal.00460.2010.

Liu, C., Li, H., Gao, X., Yang, M., Yuan, L., Fu, L., Wang, X., and Mei, C. (2018). Concomitant use of rapamycin
and rosiglitazone delays the progression of polycystic kidney disease in Han:SPRD rats: a study of the
mechanism of action. Am J Physiol Renal Physiol 314, F844-f854. 10.1152/ajprenal.00194.2015.

Blazer-Yost, B.L., Bacallao, R.L., Erickson, B.J., LaPradd, M.L., Edwards, M.E., Sheth, N., Swinney, K.,
Ponsler-Sipes, K.M., Moorthi, R.N., Perkins, S.M., et al. (2021). A randomized phase 1b cross-over study
of the safety of low-dose pioglitazone for treatment of autosomal dominant polycystic kidney disease.
Clin Kidney J 14, 1738-1746. 10.1093/ckj/sfaa232.

Sieben, C.J., and Harris, P.C. (2023). Experimental Models of Polycystic Kidney Disease: Applications and
Therapeutic Testing. Kidney360 4, 1155-1173. 10.34067/kid.0000000000000209.

Happe, H., and Peters, D.J. (2014). Translational research in ADPKD: lessons from animal models. Nat
Rev Nephrol 10, 587-601. 10.1038/nrneph.2014.137.

Koslowski, S., Latapy, C., Auvray, P., Blondel, M., and Meijer, L. (2020). An Overview of In Vivo and In
Vitro Models for Autosomal Dominant Polycystic Kidney Disease: A Journey from 3D-Cysts to Mini-Pigs.
Int J Mol Sci 21. 10.3390/ijms21124537.

Thatava, T., Armstrong, A.S., De Lamo, J.G., Edukulla, R., Khan, Y.K., Sakuma, T., Ohmine, S., Sundsbak,
J.L., Harris, P.C., Kudva, Y.C., and lkeda, Y. (2011). Successful disease-specific induced pluripotent stem
cell generation from patients with kidney transplantation. Stem Cell Res Ther 2, 48. 10.1186/scrt89.

Freedman, B.S., Brooks, C.R., Lam, A.Q., Fu, H., Morizane, R., Agrawal, V., Saad, A.F., Li, M.K., Hughes,
M.R., Werff, R\V., et al. (2015). Modelling kidney disease with CRISPR-mutant kidney organoids derived
from human pluripotent epiblast spheroids. Nat Commun 6, 8715. 10.1038/ncomms9715.

Cruz, N.M., Song, X., Czerniecki, S.M., Gulieva, R.E., Churchill, AJ., Kim, Y.K., Winston, K., Tran, L.M., Diaz,
M.A., Fu, H., et al. (2017). Organoid cystogenesis reveals a critical role of microenvironment in human
polycystic kidney disease. Nat Mater 16, 1112-1119. 10.1038/nmat4994.



Summarizing discussion

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Xu, Y., Kuppe, C., Perales-Paton, J., Hayat, S., Kranz, J., Abdallah, A.T., Nagai, J., Li, Z., Peisker, F., Saritas,
T, et al. (2022). Adult human kidney organoids originate from CD24(+) cells and represent an advanced
model for adult polycystic kidney disease. Nat Genet 54, 1690-1701. 10.1038/s41588-022-01202-z.

Hiratsuka, K., Miyoshi, T., Kroll, K.T., Gupta, N.R., Valerius, M.T., Ferrante, T., Yamashita, M., Lewis,
J.A., and Morizane, R. (2022). Organoid-on-a-chip model of human ARPKD reveals mechanosensing
pathomechanisms for drug discovery. Sci Adv 8, eabq0866. 10.1126/sciadv.abq0866.

Dagorn, P.G., Buchholz, B., Kraus, A., Batchuluun, B., Bange, H., Blockken, L., Steinberg, G.R., Moller, D.E.,
and Hallakou-Bozec, S. (2023). A novel direct adenosine monophosphate kinase activator ameliorates
disease progression in preclinical models of Autosomal Dominant Polycystic Kidney Disease. Kidney Int
103,917-929. 10.1016/j.kint.2023.01.026.

Takiar, V., Nishio, S., Seo-Mayer, P., King, J.D., Jr,, Li, H., Zhang, L., Karihaloo, A., Hallows, K.R., Somlo, S.,
and Caplan, M.J. (2011). Activating AMP-activated protein kinase (AMPK) slows renal cystogenesis. Proc
Natl Acad Sci U S A 108, 2462-2467. 10.1073/pnas.1011498108.

Lian, X., Wu, X., Li, Z., Zhang, Y., Song, K., Cai, G., Li, Q., Lin, S., Chen, X., and Bai, X. (2019). The
combination of metformin and 2-deoxyglucose significantly inhibits cyst formation in miniature pigs
with polycystic kidney disease. Br J Pharmacol 176, 711-724. 10.1111/bph.14558.

Steinberg, G.R., and Hardie, D.G. (2023). New insights into activation and function of the AMPK. Nature
Reviews Molecular Cell Biology 24, 255-272. 10.1038/s41580-022-00547x.

Chang, M.Y., Ma, T.L., Hung, C.C., Tian, Y.C., Chen, Y.C., Yang, C.W., and Cheng, Y.C. (2017). Metformin
Inhibits Cyst Formation in a Zebrafish Model of Polycystin-2 Deficiency. Sci Rep 7, 7161. 10.1038/
$41598-017-07300-x.

Pastor-Soler, N.M., Li, H., Pham, J., Rivera, D., Ho, PY., Mancino, V., Saitta, B., and Hallows, K.R. (2022).
Metformin improves relevant disease parameters in an autosomal dominant polycystic kidney disease
mouse model. Am J Physiol Renal Physiol 322, F27-F41. 10.1152/ajprenal.00298.2021.

Perrone, R.D., Abebe, K.Z., Watnick, T.J., Althouse, A.D., Hallows, K.R., Lalama, C.M., Miskulin, D.C.,
Seliger, S.L., Tao, C., Harris, P.C., and Bae, K.T. (2021). Primary results of the randomized trial of
metformin administration in polycystic kidney disease (TAME PKD). Kidney Int 100, 684-696. 10.1016/j.
kint.2021.06.013.

Chandel, Navdeep S., Avizonis, D., Reczek, Colleen R., Weinberg, Samuel E., Menz, S., Neuhaus,
R., Christian, S., Haegebarth, A., Algire, C., and Pollak, M. (2016). Are Metformin Doses Used in
Murine Cancer Models Clinically Relevant? Cell Metabolism 23, 569-570. https://doi.org/10.1016/].
cmet.2016.03.010.

He, L., and Wondisford, Fredric E. (2015). Metformin Action: Concentrations Matter. Cell Metabolism 21,
159-162. https://doi.org/10.1016/j.cmet.2015.01.003.

Lantinga-van Leeuwen, |.S., Dauwerse, J.G., Baelde, H.J., Leonhard, W.N., van de Wal, A., Ward, C.J.,
Verbeek, S., Deruiter, M.C., Breuning, M.H., de Heer, E., and Peters, D.J. (2004). Lowering of Pkdl
expression is sufficient to cause polycystic kidney disease. Hum Mol Genet 13, 3069-3077. 10.1093/
hmg/ddh336.

Chang, M.Y., Tsai, CY., Chou, L.F, Hsu, S.H., Yang, HY., Hung, C.C, Tian, Y.C., Ong, A.C.M., and Yang,
C.W. (2022). Metformin induces lactate accumulation and accelerates renal cyst progression in Pkd1-
deficient mice. Hum Mol Genet 31, 1560-1573. 10.1093/hmg/ddab340.

Hopp, K., Hommerding, C.J., Wang, X., Ye, H., Harris, P.C., and Torres, V.E. (2015). Tolvaptan plus

pasireotide shows enhanced efficacy in a PKD1 model. J] Am Soc Nephrol 26, 39-47. 10.1681/
ASN.2013121312.

233


https://doi.org/10.1016/j.cmet.2016.03.010
https://doi.org/10.1016/j.cmet.2016.03.010
https://doi.org/10.1016/j.cmet.2015.01.003

Chapter 7

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

234

He, J., Li, Q., Fang, S., Guo, Y., Liu, T., Ye, J., Yu, Z., Zhang, R., Zhao, Y., Hu, X., et al. (2015). PKD1 mono-
allelic knockout is sufficient to trigger renal cystogenesis in a mini-pig model. Int J Biol Sci 11, 361-369.
10.7150/ijbs.10858.

Bahlmann-Kroll, E., Hackl, S., Kramer, S., Wulfmeyer, V.C., Glandorf, J., Kaufeld, J., Koch, A., Hartung,
D., Schmidt, B.M.W., Schmidt-Ott, K., and Schmitt, R. (2024). Empagliflozin in patients with autosomal
dominant polycystic kidney disease (EMPA-PKD): study protocol for a randomised controlled trial. BMJ
Open 14, e088317. 10.1136/bmjopen-2024-088317.

Klessig, D.F., Tian, M., and Choi, H.W. (2016). Multiple Targets of Salicylic Acid and Its Derivatives in
Plants and Animals. Front Immunol 7, 206. 10.3389/fimmu.2016.00206.

Smith, B.K., Ford, R.J., Desjardins, E.M., Green, A.E., Hughes, M.C., Houde, V.P., Day, E.A., Marcinko, K.,
Crane, J.D., Mottillo, E.P., et al. (2016). Salsalate (Salicylate) Uncouples Mitochondria, Improves Glucose
Homeostasis, and Reduces Liver Lipids Independent of AMPK-B1. Diabetes 65, 3352-3361. 10.2337/
db16-0564.

Day, E.A., Ford, R.J., Smith, B.K., Houde, V.P, Stypa, S., Rehal, S., Lhotak, S., Kemp, B.E., Trigatti, B.L.,
Werstuck, G.H., et al. (2021). Salsalate reduces atherosclerosis through AMPKB1 in mice. Mol Metab 53,
101321. 10.1016/j.molmet.2021.101321.

Meex, R.C., Phielix, E., Moonen-Kornips, E., Schrauwen, P., and Hesselink, M.K. (2011). Stimulation of
human whole-body energy expenditure by salsalate is fueled by higher lipid oxidation under fasting
conditions and by higher oxidative glucose disposal under insulin-stimulated conditions. J Clin Endocrinol
Metab 96, 1415-1423. 10.1210/jc.2010-1816.

Desjardins, E.M., Smith, B.K., Steinberg, G.R.,and Brown, R.E. (2021). Sevoflurane-induced hyperglycemia
is attenuated by salsalate in obese insulin-resistant mice. Can J Anaesth 68, 972-979. 10.1007/s12630-
021-01935-1.

Fleischman, A., Shoelson, S.E., Bernier, R., and Goldfine, A.B. (2008). Salsalate improves glycemia and
inflammatory parameters in obese young adults. Diabetes Care 31, 289-294. 10.2337/dc07-1338.

Goldfine, A.B., Conlin, P.R., Halperin, F., Koska, J., Permana, P., Schwenke, D., Shoelson, S.E., and Reaven,
P.D. (2013). A randomised trial of salsalate for insulin resistance and cardiovascular risk factors in
persons with abnormal glucose tolerance. Diabetologia 56, 714-723. 10.1007/s00125-012-2819-3.

Goldfine, A.B., Fonseca, V., Jablonski, K.A., Chen, Y.D., Tipton, L., Staten, M.A., and Shoelson, S.E. (2013).
Salicylate (salsalate) in patients with type 2 diabetes: a randomized trial. Ann Intern Med 159, 1-12.
10.7326/0003-4819-159-1-201307020-00003.

van Dam, A.D., Nahon, K.J., Kooijman, S., van den Berg, S.M., Kanhai, A.A., Kikuchi, T., Heemskerk, M.M.,
van Harmelen, V., Lombeés, M., van den Hoek, A.M., et al. (2015). Salsalate activates brown adipose
tissue in mice. Diabetes 64, 1544-1554. 10.2337/db14-1125.

Amann, R., and Peskar, B.A. (2002). Anti-inflammatory effects of aspirin and sodium salicylate. European
Journal of Pharmacology 447, 1-9. https://doi.org/10.1016/50014-2999(02)01828-9.

Cui, Y., Chen, J., Zhang, Z., Shi, H., Sun, W., and Yi, Q. (2023). The role of AMPK in macrophage metabolism,
function and polarisation. Journal of Translational Medicine 21, 892. 10.1186/s12967-023-04772-6.

Goldfine, A.B., Silver, R., Aldhahi, W., Cai, D., Tatro, E., Lee, J., and Shoelson, S.E. (2008). Use of salsalate
to target inflammation in the treatment of insulin resistance and type 2 diabetes. Clin Transl Sci 1, 36-43.
10.1111/j.1752-8062.2008.00026.x.


https://doi.org/10.1016/S0014-2999(02)01828-9

Summarizing discussion

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Arroyo, J., Escobar-Zarate, D., Wells, H.H., Constans, M.M., Thao, K., Smith, J.M., Sieben, C.J., Martell,
M.R., Kline, T.L., Irazabal, M.V, et al. (2021). The genetic background significantly impacts the severity
of kidney cystic disease in the Pkd1(RC/RC) mouse model of autosomal dominant polycystic kidney
disease. Kidney Int 99, 1392-1407. 10.1016/j.kint.2021.01.028.

Hopp, K., Ward, C.J., Hommerding, C.J., Nasr, S.H., Tuan, H.F.,, Gainullin, V.G., Rossetti, S., Torres, V.E.,
and Harris, P.C. (2012). Functional polycystin-1 dosage governs autosomal dominant polycystic kidney
disease severity. J Clin Invest 122, 4257-4273. 10.1172/1CI64313.

Malas, T.B., Leonhard, W.N., Bange, H., Granchi, Z., Hettne, K.M., Van Westen, G.J.P., Price, L.S., t Hoen,
P.A.C., and Peters, D.J.M. (2020). Prioritization of novel ADPKD drug candidates from disease-stage
specific gene expression profiles. EBioMedicine 51, 102585. 10.1016/j.ebiom.2019.11.046.

Peters-Golden, M., and Henderson, W.R., Jr. (2007). Leukotrienes. N Engl J Med 357, 1841-1854.
10.1056/NEJMra071371.

Luck, K., Kim, D.K., Lambourne, L., Spirohn, K., Begg, B.E., Bian, W., Brignall, R., Cafarelli, T., Campos-
Laborie, F.J., Charloteaux, B., et al. (2020). A reference map of the human binary protein interactome.
Nature 580, 402-408. 10.1038/s41586-020-2188-x.

Wang, J., Huo, K., Ma, L., Tang, L., Li, D., Huang, X., Yuan, Y., Li, C., Wang, W., Guan, W., et al. (2011).
Toward an understanding of the protein interaction network of the human liver. Mol Syst Biol 7, 536.
10.1038/msb.2011.67.

Tulk, B.M., and Edwards, J.C. (1998). NCC27, a homolog of intracellular Cl- channel p64, is expressed in
brushborderofrenal proximaltubule. AmJ Physiol 274, F1140-1149.10.1152/ajprenal.1998.274.6.F1140.

Jouret, F., and Devuyst, O. (2020). Targeting chloride transport in autosomal dominant polycystic kidney
disease. Cellular Signalling 73, 109703. https://doi.org/10.1016/j.cellsig.2020.109703.

Ko, M., Jung, H.-Y., Lee, D., Jeon, J., Kim, J., Baek, S., Lee, J.Y., Kim, J.Y., and Kwon, H.J. (2023). Inhibition
of chloride intracellular channel protein 1 (CLIC1) ameliorates liver fibrosis phenotype by activating
the Ca2+-dependent Nrf2 pathway. Biomedicine & Pharmacotherapy 168, 115776. https://doi.
org/10.1016/j.biopha.2023.115776.

Ulmasov, B., Bruno, J., Oshima, K., Cheng, Y.-W., Holly, S.P., Parise, LV., Egan, T.M., and Edwards, J.C.
(2017). CLIC1 null mice demonstrate a role for CLIC1 in macrophage superoxide production and tissue
injury. Physiological Reports 5, e13169. https://doi.org/10.14814/phy2.13169.

Ruhnke, N., Beyer, A.-S.L., Kaemmerer, D., Sanger, J., Schulz, S., and Lupp, A. (2024). Expression of free
fatty acid receptor 2 in normal and neoplastic tissues. Experimental and Molecular Pathology 137,
104902. https://doi.org/10.1016/j.yexmp.2024.104902.

Kimura, I., Ichimura, A., Ohue-Kitano, R., and Igarashi, M. (2020). Free Fatty Acid Receptors in Health and
Disease. Physiological Reviews 100, 171-210. 10.1152/physrev.00041.2018.

Kimura, I., Ozawa, K., Inoue, D., Imamura, T., Kimura, K., Maeda, T., Terasawa, K., Kashihara, D., Hirano,
K., Tani, T., et al. (2013). The gut microbiota suppresses insulin-mediated fat accumulation via the short-
chain fatty acid receptor GPR43. Nat Commun 4, 1829. 10.1038/ncomms2852.

Kobayashi, M., Mikami, D., Kimura, H., Kamiyama, K., Morikawa, Y., Yokoi, S., Kasuno, K., Takahashi,
N., Taniguchi, T., and Iwano, M. (2017). Short-chain fatty acids, GPR41 and GPR43 ligands, inhibit TNF-
a-induced MCP-1 expression by modulating p38 and JNK signaling pathways in human renal cortical
epithelial cells. Biochemical and Biophysical Research Communications 486, 499-505. https://doi.
0rg/10.1016/j.bbrc.2017.03.071.

235

7


https://doi.org/10.1016/j.cellsig.2020.109703
https://doi.org/10.1016/j.biopha.2023.115776
https://doi.org/10.1016/j.biopha.2023.115776
https://doi.org/10.14814/phy2.13169
https://doi.org/10.1016/j.yexmp.2024.104902
https://doi.org/10.1016/j.bbrc.2017.03.071
https://doi.org/10.1016/j.bbrc.2017.03.071

Chapter 7

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

236

Huang, W., Man, Y., Gao, C., Zhou, L., Gu, J., Xu, H., Wan, Q., Long, Y., Chai, L., Xu, Y., and Xu, Y. (2020).
Short-Chain Fatty Acids Ameliorate Diabetic Nephropathy via GPR43-Mediated Inhibition of Oxidative
Stress and NF-kB Signaling. Oxidative Medicine and Cellular Longevity 2020, 4074832. https://doi.
org/10.1155/2020/4074832.

Li, H.B., Xu, M.L., Xu, X.D., Tang, YY., Jiang, H.L., Li, L., Xia, W.J., Cui, N., Bai, J., Dai, Z.M., et al. (2022).
Faecalibacterium prausnitzii Attenuates CKD via Butyrate-Renal GPR43 Axis. Circ Res 131, e120-e134.
10.1161/circresaha.122.320184.

Li, YJ., Chen, X., Kwan, T.K., Loh, Y.W., Singer, J., Liu, Y., Ma, J., Tan, J., Macia, L., Mackay, C.R., et al.
(2020). Dietary Fiber Protects against Diabetic Nephropathy through Short-Chain Fatty Acid—-Mediated
Activation of G Protein—Coupled Receptors GPR43 and GPR109A. Journal of the American Society of
Nephrology 31, 1267-1281. 10.1681/asn.2019101029.

Dong, K., Zhang, C., Tian, X., Coman, D., Hyder, F.,, Ma, M., and Somlo, S. (2021). Renal plasticity revealed
through reversal of polycystic kidney disease in mice. Nature Genetics 53, 1649-1663. 10.1038/s41588-
021-00946-4.

Vishy, C.E., Thomas, C., Vincent, T., Crawford, D.K., Goddeeris, M.M., and Freedman, B.S. (2024).
Genetics of cystogenesis in base-edited human organoids reveal therapeutic strategies for polycystic
kidney disease. Cell Stem Cell 31, 537-553.e535. 10.1016/j.stem.2024.03.005.

Trillini, M., Caroli, A., Perico, N., Remuzzi, A., Brambilla, P., Villa, G., Perna, A., Peracchi, T., Rubis, N.,
Martinetti, D., et al. (2023). Effects of Octreotide-Long-Acting Release Added-on Tolvaptan in Patients
with Autosomal Dominant Polycystic Kidney Disease: Pilot, Randomized, Placebo-Controlled, Cross-
Over Trial. Clin J Am Soc Nephrol 18, 223-233. 10.2215/CJN.0000000000000049.

Zimmerman, K.A., Gonzalez, N.M., Chumley, P., Chacana, T., Harrington, L.E., Yoder, B.K., and Mrug, M.
(2019). Urinary T cells correlate with rate of renal function loss in autosomal dominant polycystic kidney
disease. Physiol Rep 7, €13951. 10.14814/phy2.13951.

Kleczko, E.K., Marsh, K.H., Tyler, L.C., Furgeson, S.B., Bullock, B.L., Altmann, C.J., Miyazaki, M., Gitomer,
B.Y., Harris, P.C., Weiser-Evans, M.C.M., et al. (2018). CD8(+) T cells modulate autosomal dominant
polycystic kidney disease progression. Kidney Int 94, 1127-1140. 10.1016/j.kint.2018.06.025.

Song, C.J., Li, Z., Ahmed, U.K.B., Bland, S.J., Yashchenko, A., Liu, S., Aloria, E.J., Lever, J.M., Gonzalez,
N.M., Bickel, M.A., et al. (2022). A Comprehensive Immune Cell Atlas of Cystic Kidney Disease Reveals
the Involvement of Adaptive Immune Cells in Injury-Mediated Cyst Progression in Mice. Journal of the
American Society of Nephrology 33, 747-768. 10.1681/asn.2021030278.

Formica, C., and Peters, D.J.M. (2020). Molecular pathways involved in injury-repair and ADPKD
progression. Cellular Signalling 72, 109648. https://doi.org/10.1016/j.cellsig.2020.109648.

Song, X., Di Giovanni, V., He, N., Wang, K., Ingram, A., Rosenblum, N.D., and Pei, Y. (2009). Systems
biology of autosomal dominant polycystic kidney disease (ADPKD): computational identification of gene
expression pathways and integrated regulatory networks. Hum Mol Genet 18, 2328-2343. 10.1093/
hmg/ddp165.

Kleczko, E.K., Nguyen, D.T., Marsh, K.H., Bauer, C.D., Li, A.S., Monaghan, M.T., Berger, M.D., Furgeson,
S.B., Gitomer, B.Y., Chonchol, M.B., et al. (2023). Immune checkpoint activity regulates polycystic kidney
disease progression. JCl Insight 8. 10.1172/jci.insight.161318.


https://doi.org/10.1155/2020/4074832
https://doi.org/10.1155/2020/4074832
https://doi.org/10.1016/j.cellsig.2020.109648

Summarizing discussion

237



