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Glucosylceramide synthase 
inhibition protects against cardiac 
hypertrophy in chronic kidney 
disease
Gabriel C. Baccam1, Jian Xie1, Xin Jin1, Hyejung Park2, Bing Wang2, Hervé Husson3, 
Oxana Ibraghimov‑Beskrovnaya4,5 & Chou‑Long Huang1*

A significant population of patients with chronic kidney disease (CKD) develops cardiac hypertrophy, 
which can lead to heart failure and sudden cardiac death. Soluble klotho (sKL), the shed ectodomain of 
the transmembrane protein klotho, protects the heart against hypertrophic growth. We have shown 
that sKL protects the heart by regulating the formation and function of lipid rafts by targeting the 
sialic acid moiety of gangliosides, GM1/GM3. Reduction in circulating sKL contributes to an increased 
risk of cardiac hypertrophy in mice. sKL replacement therapy has been considered but its use is 
limited by the inability to mass produce the protein. Therefore, alternative methods to protect the 
heart are proposed. Glucosylation of ceramide catalyzed by glucosylceramide synthase is the entry 
step for the formation of gangliosides. Here we show that oral administration of a glucosylceramide 
synthase inhibitor (GCSi) reduces plasma and heart tissue glycosphingolipids, including gangliosides. 
Administration of GCSi is protective in two mouse models of cardiac stress-induction, one with 
isoproterenol overstimulation and the other with 5/6 nephrectomy-induced CKD. Treatment with 
GCSi does not alter the severity of renal dysfunction and hypertension in CKD. These results provide 
proof of principle for targeting glucosylceramide synthase to decrease gangliosides as a treatment 
for cardiac hypertrophy. They also support the hypothesis that sKL protects the heart by targeting 
gangliosides.

Chronic kidney disease (CKD) is an epidemic affecting ~ 10% of the world population and 15% of the US popu-
lation, ~ 37 million adults1. Patients with CKD can progress to end-stage kidney failure requiring dialysis or 
kidney transplant2,3. Often, CKD patients die from cardiovascular disease before reaching end-stage renal failure. 
Cardiac hypertrophy leading to cardiac arrhythmia, sudden death, and congestive heart failure are among the 
most common causes of cardiovascular disease in CKD patients4. Cardiac hypertrophy in CKD occurs despite 
the adequate control of conventional risk factors such as hypertension, anemia, and volume overload, suggest-
ing that CKD-specific factors also exist3,5,6. The incidence of cardiac hypertrophy in intermediate stages of CKD 
is ~ 50–70% and up to 90% in patients with end-stage CKD. Cardiac hypertrophy leading to cardiac arrhythmia, 
sudden death, and congestive heart failure are among the most common causes of cardiovascular disease in CKD 
patients4. The prevalence of CKD and associated cardiac hypertrophy is on the rise in part due to a growing aging 
population7,8. New treatments to alleviate the burden of the disease are urgently needed.

Klotho is a type-1 membrane protein with a large ectodomain that is predominantly produced in the kidney9. 
The ectodomain is shed into the extracellular fluid as soluble klotho (sKL) and functions as a circulating endo-
crine and local paracrine hormone10. The levels of circulating sKL are reduced in CKD patients and mouse 
models of CKD11,12. We and others have reported that sKL deficiency is an important contributor of CKD-
specific factors of cardiac hypertrophy13. We have found that cardioprotection by sKL is achieved by regulating 
the formation and function of lipid rafts14,15. Lipid rafts are highly dynamic microdomains of the plasma mem-
brane that are enriched with cholesterol and sphingolipids and can be viewed as a platform for signaling and 
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trafficking16. Mechanistically, sKL targets the gangliosides, GM1/GM3, in lipid rafts as its receptor. sKL binds to 
the α2-3-sialyllactose moiety of clustered gangliosides to regulate the formation of lipid rafts and raft-associated 
phosphoinoside-3-kinase (PI3K) activity. The transient receptor potential cation channel subfamily C member 
6 (TRPC6) is a Ca2+-permeable channel present in lipid raft (caveolae) of cardiac myocytes14,17–19. Exocytotic 
insertion of TRPC6 from the sub-membranous to the membranous compartment of the cell requires the activ-
ity of PI3K. The promoter of TRPC6 contains a nuclear-factor-of-activated T-cells (NFAT)-responsive element 
is activated by the Ca2+-dependent phosphatase, calcineurin20,21. Stress-induced pathological Ca2+ signaling 
upregulates TRPC6 and TRPC-mediated Ca2+ entry, leading to pathological cardiac remodeling via a vicious 
feedforward amplification cycle. By downregulating PI3K and TRPC6-mediated pathological Ca2+ signaling, 
sKL protects the heart against stress-induced cardiac hypertrophy14,15.

Glycosphingolipids (GSL) are important lipid constituents of the cell membrane22. They include cerebro-
sides (one sugar such as glucose or galactose attached to ceramide), globoside (more than one sugar attached 
to ceramide), and gangliosides. GSL synthesis begins with glucosylation or galactosylation of ceramide. The 
formation of glucosylceramide is catalyzed by UDP-Glucose Ceramide Glucosyltransferase (UGCG; also known 
as glucosylceramide synthase, GCS). Disturbances of GSL metabolism cause many diseases16,23. GSL metabolic 
defects lead to lipid accumulation and lipotoxicity in cells and organs causing diseases such as Gaucher Disease, 
Fabry’s Disease, and Gangliosidosis24–26. Gaucher Disease is caused by the gene mutation of lysosomal acidic glu-
cocerebrosidase (GBA) which normally breaks down membrane glucosylceramide (GlcCer) routed to lysosomes 
for degradation27. Deficiency in GBA leads to cellular GlcCer buildup and toxicity. Cardiac dysfunction can be 
associated with changes in lipid composition and accumulation, another common occurrence in diseases caused 
by GBA deficiency. Others have shown that reduction in accumulation leads to improvement in the metabolic 
pathways associated with cardiac remodeling28–30. Inhibitors of glucosylceramide synthase (GCSi) reduces cel-
lular GlcCer content. GCSi has been in use in clinical medicine for > 15 years as a substrate reduction agent as 
an alternative to enzyme replacement therapy for treating Gaucher Disease.

Our finding that sKL targets gangliosides to exert cardioprotection raises the interesting question to whether 
GCSi is an effective therapy for treating cardiac hypertrophy. In this study, we demonstrate that GZ667161, a 
small molecule GCSi, protects the heart against isoproterenol (ISO)-and CKD-induced pathological cardiac 
dysfunction in mice. The proven safety profile and potential efficacy of GCSi’s in treating human lysosomal 
storage diseases provides the optimism that GCSi’s, may be a new therapeutic option for cardiac hypertrophy 
in CKD patients.

Results
Glucosylceramide synthase inhibitor reduced TRPC6 current in vitro.  Pathologic cardiac remod-
eling occurs during times of cardiac stress. TRPC6 is an important player of this process by providing a feed-
forward amplification cascade. TRPC6 channels are present in lipid rafts (caveolae) of cardiac myocytes;19 
sKL exerts cardioprotection through targeting sialogangliosides and down regulates raft-associated TRPC6 
activity14,18. We have previously shown that a GCSi, NB-DGJ (N-(n-Butyl)deoxygalactonojirimycin), inhibits 
TRPC6 channel similar to sKL by targeting sialogangliosides. GZ667161 is a newly developed GCSi with higher 
potency (Fig. 1A). Here, we first validated the effect of GZ667161 on TRPC6. As previously described, HEK293 
cells expressing recombinant TRPC6 were treated with sKL and/or GZ667161. We observed that TRPC6 current 
density is significantly reduced when treated with GZ667161 or sKL as compared to no treatment18. When cells 
were co-treated with sKL and GZ667161 there was no additive effect on the TRPC6 current, indicating that they 
act in the same pathway (Fig. 1B,C). The effect of GZ667161 was due to blocking the synthesis of GM1, as addi-
tion of GM1 in GZ667161-treated cells leads to a partial restoration of TRPC6 current. Supporting the notion 
that sKL inhibits TRPC6 currents by targeting to GM1, we found that TRPC6 currents rescued by GM1 can be 
inhibited by sKL. These outcomes recapitulate results of our previous studies using NB-DGJ14. The potency of 
GZ667161 is 50-fold higher than for NB-DGJ: the maximal inhibition of TRPC6 occurs at a concentration of 
0.5 μM for GZ667161 vs 25 μM for NB-DGJ14. Thus, GZ667161 is a good potential candidate for studying car-
dioprotection in in vivo models of heart failure and CKD.

GSC inhibitor reduces glycosphingolipids (GSL) in the plasma and heart tissue.  GZ667161 is a 
potent orally available small molecule inhibitor of GCS31. It has recently been used in pre-clinical studies as a 
substrate reduction therapy effecting the brain. To investigate the effect of GZ667161 on cardioprotection, we 
studied its effect on Isoproterenol (ISO)-induced cardiomyopathy. ISO overstimulation is a well-accepted stress-
induced cardiomyopathy model32,33. Age matched mice were fed control diet at day -7, and then separated in two 
groups at day -3, one group continued on control, and the other one switched to a 0.033% wt/wt GZ667161 diet 
(Fig. 2A). Thereafter, mice received subcutaneous ISO daily for 16 days. ECHO was performed on mice after the 
last day of ISO treatment. After 16 days of consecutive treatment of ISO, mice were euthanized, and blood and 
tissues were collected for analysis.

Plasma levels of total GSL were measured and normalized to total phosphatidylcholine (PC). Ceramide levels 
between the groups remained unchanged (Fig. 2B) and total glucosylceramide were reduced in mice treated with 
GZ667161 with or without ISO induction as compared to WT mice on control diet (Fig. 2C). Along with the 
reduction in glucosylceramide, there was a reduction in total lactosylceramide (GL2) and GM3 levels. (Fig. 2D,E). 
In heart tissue of WT mice treated + /- ISO and given a GZ667161 diet, ceramide levels remained unchanged, 
while a reduction of total glucosylceramide levels was present and met with a reduction of both total GL2 and 
GM3 (Fig. 2F-I). These results confirm that treatment with GZ667161 leads to reduction of glycosphingolipids 
(GSL) in vivo by blocking the synthesis of glucosylceramide from ceramide.
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GZ667161 protects against ISO‑induced cardiac remodeling.  Having shown that GZ667161 sig-
nificantly reduces GSL levels in the heart and in plasma of treated mice, we next examined its effect on heart 
weight/body weight (HW/BW) ratios, an index to measure cardiac hypertrophy. Mice on 0.033% GZ667161 diet 
showed a significant decrease in body weight (BW) compared to mice on control diet (Fig. 3A). As expected, 
ISO treatment significantly increased heart weight and HW/BW ratios in mice on control diet indicating hyper-
trophy (Fig. 3B,C). ISO treatment also induced cardiac hypertrophy in mice fed on GZ667161 diet (“ + ISO” 
vs “-ISO”), though the degree of ISO-induced hypertrophy was moderately reduced in GZ667161-treated vs 
control diet (“GZ667161 + ISO” vs “control + ISO”). Body weight loss in GZ667161-treated mice may have con-
founded the analysis of HW/BW ratios. GZ667161 treatment did not affect tibia length (TL) (Fig. 3D). Thus, we 
normalized HW to tibia length (TL) (Fig. 3E)34. In mice fed on control diet, ISO overstimulation increased HW/
TL, confirming cardiac hypertrophy. There were no significant differences in HW/TL between ISO- vs vehicle-
treated mice fed with GZ667161, indicating that GZ667161 diet ameliorated ISO-induced cardiac hypertrophy. 
Furthermore, left ventricular myocyte area was increased by ISO and ISO-induced increases were reduced by 
GZ667161 treatment (Fig. 3F). ECHO revealed that ISO treatment caused functional decline (decreases in ejec-
tion fraction) in control mice but not in GZ667161-treated mice (Fig. 3G). Therefore, along with the effect on 
cardiac mass, GZ667161 also prevented ISO-induced cardiac function decline. The effect of GZ667161 is not 
mediated through changes in blood pressured (Fig. 3H).

During times of cardiac stress, cardiac remodeling and cardiac growth occurs through re-expression of fetal 
heart genes, such as atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), which are generally 
turned off at birth. The expression of TRPC6 in the normal heart is very low. However, it is upregulated during 
cardiac stress by the pathologically activated Ca2+-calcineurin-NFAT signaling cascade. Fibrosis and increased 
expression of collagen-I (Col-I) and collagen-III (Col-III) are consequences and hallmarks of pathological car-
diac hypertrophy. We examined the effects of GZ667161 on genes associated with cardiac remodeling including 
cardiac fetal genes (ANP and BNP), TRPC6, and Col-I, -III by using quantitative RT-qPCR. Results revealed 
that ISO overstimulation in mice fed with control diet induced a significant increase in expression of ANP, BNP, 
TRPC6, and Col-I, -III (Fig. 4A–E). Feeding mice GZ667161 diet, blunted the ISO-induced increases in gene 

Figure 1.   Effect of GZ667161 compound on sKL inhibition of TRPC6 in vitro. (A) Simplified diagram of 
the biosynthesis of gangliosides relevant to this study. Abbreviations: glucose (Glc), galactose (Gal), N-acetyl 
galactosamine (GalNAc), N-acetylneuraminic acid (NeuAc, sialic acid). (B) Representative current–voltage 
relationship (I-V) curve of TRPC6 current from experiments shown in panel C. (C) TPRC6 current in HEK293 
cells overexpressing TRPC6 are treated with sKL, GZ667161, and/or GM1 (n = 5–10 per group) *P < 0.05 
between indicated groups. ns, not significantly different between indicated groups. Data is expressed as 
mean ± SEM.
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Figure 2.   GZ667161 decreases GSL levels in the plasma and heart tissue of +/− ISO treated mice. (A) Diagram 
of experimental design. (B) Total ceramide levels normalized to phosphatidylcholine (PC) in plasma. (C) Total 
Glucosylceramide (GlcCer) normalized to control lipid PC in plasma. (D) Total GL2 levels normalized to PC. 
(E) Total ganglioside GM3 in plasma normalized to PC. (F) Total ceramide levels normalized to PC in heart 
tissue. (G) Total Glucosylceramide (GlcCer) normalized to control lipid PC in the heart tissue of +/− ISO mice. 
(H) Total GL2 levels normalized to PC. (I) Total ganglioside GM3 in the heart normalized to PC. *P < 0.05 
between indicated groups or − ISO control. ns not significantly different between indicated groups. Mice were 
fed control or 0.033% wt/wt GZ667161 diet. (n = 3 per group) Data is expressed as mean ± SEM.



5

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9340  | https://doi.org/10.1038/s41598-022-13390-z

www.nature.com/scientificreports/

Figure 3.   GZ667161 compound ameliorates ISO-induced cardiac remodeling. (A) Time course of average 
body weight of ISO treated mice (n = 10 per group) fed with control or GZ667161 diet. (B, C) Heart weight 
(B) and HW/BW ratio (C) in control or GZ667161 diet with or without ISO. − ISO (n = 5 per group). + ISO 
(n = 10 per group). (D, E) Tibia length (D) and HW/TL ratio (E) in control or GZ667161 diet with or without 
ISO. (F) Left ventricular myocyte area. (G) Ejection fraction and difference in ejection fraction and change in 
ejection fraction percentage as compared to average control for respective groups. − ISO (n = 8 per group), + ISO 
(n = 13 per group). (H) Systolic blood pressure of the mice. Data is expressed as mean ± SEM. #P < 0.05 − ISO 
versus + ISO. *P < 0.05 between indicated groups. ns, not significantly different between indicated groups.
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expression. To test the extent of fibrosis in the hearts of mice we performed a trichrome staining to measure for 
collagen, shown in blue. We found that GZ667161 reduced fibrosis in the hearts of mice as compared to + ISO 
control mice (Fig. 4F).

GZ667161 exerts cardioprotection on CKD mice and reduces CKD induced heart failure.  sKL 
protects CKD-associated cardiomyopathy by targeting GSL gangliosides, therefore providing a basis to exam-
ine the effect of GZ667161 on CKD-induced stress and dysfunction using a 5/6 nephrectomy mouse model. 
In pilot experiments we found CKD mice do not tolerate the same dose of GZ667161 as used for ISO studies 
(0.033% wt/wt) (not shown). Uremic environment may contribute to the reduced tolerance to GZ66716. Hence, 
we performed experiments testing the effect of reduced dose in our ISO overstimulation model. We first used 
gavage feeding to eliminate potential dosage variation from variable food intake. Gavage feeding at 20 mg/kg of 
GZ667161 (equivalent to 0.011% wt/wt) did not cause weight loss yet conferred cardioprotection (Fig. 5A–C). 
We found that gavage feeding 20 mg/kg significantly decreased HW/TL and expression of BNP compared con-
trol diet in ISO overstimulation model (Fig. 5B,C). We next examined the effects of dietary feeding of the reduced 
dose GZ667161 (0.011% wt/wt) and confirmed that this reduced dose prevented body weight loss as compared 
to the higher dose (0.033% wt/wt) (Fig. 5D) while conferred moderate protection against ISO-induced increases 
in heart mass index, BNP gene expression, Col-I expression, and fibrosis (Fig. 5E–H). Having confirmed that 
0.011% GZ667161 diet is effective in ISO-induced model, we used the reduced dose in CKD studies.

Figure 4.   GZ667161 compound reduces expression of cardiac remodeling genes in the heart. (A-E) RNA from 
heart tissue was isolated and RT-qPCR was performed to examine the expression of cardiac remodeling genes 
in the heart in mice treated with or without ISO after 16 days of treatment. (A) ANP, (B) BNP, (C) TRPC6, (D) 
Col-I. (E) Col-III. (F) Representative trichrome staining for collagen fibers on ISO treated or untreated mice. 
Scale bar is 1 mm. − ISO (n = 5 per group). + ISO (n = 9–10 per group) #P < 0.05 − ISO vs + ISO. *P < 0.05 between 
indicated groups. ns, not significantly different between indicated groups. Data is expressed as mean ± SEM.
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Figure 5.   Gavage feeding GZ667161 at a dose of 20 mg/kg does not cause BW loss yet protects the heart. (A–D) Mice 
were treated with or without ISO to induce cardiac stress to investigate the role of GZ667161. (A) BW time course for 
treatment with 20 mg/kg GZ66761 through gavage feeding. (B) HW/TL ratio. (C) Reduction of cardiac remodeling 
gene BNP. (n = 4–5 per group) (D–G) Dietary feeding GZ667161 (0.11% wt/wt) provides cardioprotection in ISO-
induced model of cardiac stress. Mice were treated with or without ISO to induce cardiac stress to investigate the 
role of GZ667161. (D) Body weight time course for treatment with 0.011% GZ667161 diet. (E) HW/TL ratio of mice 
fed with 0.011% GZ667161 diet. (F) BNP. (G) Col-I. (H) Trichrome staining for collagen fibers on +/− ISO treated 
mice. Scale bar is 1 mm. + ISO (n = 10 per group). − ISO (n = 6 per group). #P < 0.05 − ISO vs + ISO. *P < 0.05 between 
indicated groups. ns, not significantly different between indicated groups. Data is expressed as mean ± SEM.
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Age-matched mice received sham or 5/6 nephrectomy procedure. Mice were switched from regular rodent 
chow to control diet 1-week post- surgery and then one group was switched to GZ667161 or kept on control diet 
2-weeks post-surgery. Mice received weekly blood pressure and ECHO measurement between 4 and 7 weeks. At 
the end of 7 weeks post-surgery mice were euthanized for blood and tissue collection (Fig. 6A). At the reduced 
dose of GZ667161, we observed no significant changes or differences in body weight after recovery from CKD 
surgery between the 4 groups (Fig. 6B). As expected, relative to mice that received sham operation, CKD mice fed 
with control diet developed cardiac hypertrophy as reflected by increases in HW/TL and left ventricular myocyte 
area (Fig. 6C,D). CKD-induced cardiac dysfunction was blunted by feeding on GZ667161. Functional studies 
by ECHO revealed that CKD caused impairment in cardiac function in mice with control diet as evident by a 
decline in ejection fraction (Fig. 6E). CKD-induced cardiac functional decline was ameliorated by feeding CKD 
mice GZ667161 diet. At the reduced dose, GZ667161 also effectively inhibited GCS and reduced downstream 
GSL levels in in the plasma and heart tissue of mice (Fig. 7A–H).

The effects on cardiac function and heart mass were further corroborated by studies on gene expression. As 
shown, CKD induced upregulation of BNP in mouse hearts fed on control diet (Fig. 8A). The increases in gene 
expression were blunted by feeding on GZ667161. CKD also increased TRPC6 expression cardiac fibrosis as 
evident by increased Col-I and -III expression and trichrome staining, which were blunted by GZ667161 diet 
(Fig. 8B–E). Overall, our results show that GZ667161 protects the heart against CKD-induced cardiac dys-
function. CKD-induced hypertension and biochemical disturbances may contribute to cardiac hypertrophy. 
To know whether the cardioprotective effect of GZ667161 may be related to these factors, we compared these 
parameters in CKD mice fed on control and GZ667161. As shown, clearance function reflected by degrees of 
azotemia (increased BUN level) was not different between CKD mice on control vs GZ667161 diets (Fig. 8F). 
We also found that water intake and urine output for CKD mice were increased compared to the sham controls 
for the respective groups but were not significantly different between the CKD groups (not shown). GZ667161 
treatment did ameliorate CKD-induced increased urinary albumin excretion (Fig. 8G), but had no effect on 
CKD-associated increases in systolic blood pressure (Fig. 8H). CKD by 5/6 nephrectomy did not cause TRPC6 
upregulation in the whole kidney tissue (Supplementary Fig. 1A). TRPC6 upregulation is due to stress causes 
abnormal intracellular Ca2+ increases13–15,18. As TRPC6 has NFAT-response element in the promoter, the initial 
abnormal intracellular Ca2+ increases trigger a feedforward TRPC6 amplification and upregulation. We have 
found that lipid raft-associated PI3K is important for TRPC6 insertion to lipid rafts. GZ667161 ameliorates 
TRPC6 upregulation presumably by inhibiting lipid raft formation. As shown, in the absence of stress-induced 
upregulation, GZ667161 treatment had no effect on basal TRPC6 level in the kidney (Supplementary Fig. 1A). 
GZ667161 treatment prevented downregulation of klotho in CKD and ameliorated renal fibrosis in 5/6-nephrec-
tomized remnant kidney tissues as shown by Col-I, Col-III, and trichrome staining (Supplementary Fig. 1B–F).

Discussion
Glycosphingolipids (GSL) including cerebrosides, globoside, and gangliosides are important lipid constitu-
ents of the cell membrane. Genetic mutation of enzymes involved in GSL metabolism cause lysosomal storage 
diseases35,36. These diseases, such as Gaucher, Fabry’s, Gangliosidosis, are results of cell/organ-toxicity from 
lipid overload. Enzyme replacement therapy is the mainstay therapy for these diseases. However, administered 
enzymes may not reach the organs to which they should target. Alternatively, the employment of substrate reduc-
tion therapy aims to reduce lipid overload in target organs by the use of small molecule drugs. Glucosylceramide 
synthase is the enzyme for the entry pathway for GSL synthesis. Many inhibitors of GCS (GCSi) including NB-
DNJ (Miglustat), NB-DGJ (Lucerastat), Eliglustat and Venglustat, have been used or are under clinical trial for 
treating these diseases, supporting their safety profile and efficacy in clinical applications37–40.

Patients with CKD have an increased risk of developing cardiac hypertrophy despite adequate control of 
conventional risk factors such as hypertension, volume overload, and anemia. Previously we have shown in a 
mouse model of CKD that sKL deficiency is an important contributing factor6. TRPC6-mediated pathological 
calcium signaling plays an important role in feed-forward amplification of pathological cardiac remodeling. 
PI3K is essential for exocytotic insertion of TRPC6 channels14,15,18. Mechanistically, sKL targets to gangliosides 
in membrane lipid rafts to affect raft-associated PI3K and TRPC6 exocytosis to exert cardioprotection. Replace-
ment by recombinant sKL is limited by the challenges of mass protein production. Thus, we tested whether 
pharmacological manipulation of membrane ganglioside content may be helpful for treatment of stress-induced 
cardiac dysfunction. Using two models of cardiomyopathy, isoproterenol overstimulation and a 5/6 nephrectomy 
CKD model, we showed that a newly developed GCSi, GZ667161, confers cardioprotection in both models. 
Compared to other GCSi such as, NB-DGJ (Lucerastat) which is currently in phase III clinical trial, GZ667161 
inhibits sKL-mediated regulation of TRPC6 with ~ 50-fold higher potency. With respect to the effects on the 
kidney, GZ667161 treatment reduces fibrosis in the remnant tissue of 5/6-nephrectomized kidney. The protec-
tion against renal fibrosis may be related to amelioration of the downregulation of klotho in CKD. The detailed 
mechanism of how GZ667161 reduces klotho downregulation is unknown and remains to be investigated. 
GZ667161 treatment however does not affect CKD-induced urea clearance and CKD-associated hypertension. 
The possibility that GZ667161 affects other factors that impact cardioprotection, such as circulating FGF23 levels 
cannot be eliminated. Overall, the findings in the ISO-induced model supports the notion that GZ667161 can 
exert cardioprotective actions independently of renal protection.

Our study is the first to report the use of GCSi as an effective therapy without the presence of accumulation 
or abnormal levels of GSL in disease. In our study, GSL contents in the plasma and heart tissue are not increased 
in CKD or ISO-treated vs sham or non-treated mice. GCSi protects the heart by modulating GSL-dependent 
membrane signaling rather than correcting lipid overload. With regard to cardioprotection by GCSi, a previ-
ous study by Mishra et al. reported that high-fat and high-cholesterol diets cause GSL overload in the hearts 
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of ApoE-deleted mice and these mice develop cardiomyopathy. Treatment with D-PDMP (D-threo-1-phenyl-
2-decanoylamino-3-morpholino-1-propanol) inhibits glucosylceramide synthase and lactosylceramide synthase, 

Figure 6.   GZ667161 compound exerts cardioprotection on 5/6 Nephrectomy (Nx) Mice. (A–D) Mice 
underwent 5/6 nephrectomy or sham surgery operation. Mice were monitored for 7 weeks. (A) Diagram of 
experimental design for 5/6 Nx mice. (B) Average body weight time course post-operation (n = 7,6 sham control, 
CKD control respectively) (n = 7,5 sham GZ667161, 5/6 Nx GZ667161, respectively). (C) HW/TL ratio of mice 
collected after euthanasia at 7 weeks and the difference in HW/TL between the average HW/TL of 5/6 Nx and 
sham mice feed with control diet. (n = 11,5 sham control, CKD control respectively) (n = 12,5 sham GZ667161, 
5/6 Nx GZ667161, respectively). (D) Left ventricular myocyte area. (E) Ejection Fraction of sham and control 
mice measured through ECHO and the difference in EF% in mice compared to control diet fed mice in the 
respective groups. (n = 7,6 sham control, CKD control respectively) (n = 6,6 sham GZ667161, 5/6 Nx GZ667161, 
respectively) #P < 0.05 vs. sham control, *P < 0.05 between indicated groups. ns, not significantly different 
between indicated groups. Data is expressed as mean ± SEM. Note: CKD studies used 0.011% GZ667161 diet.
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decreasing GSL overload and improving left ventricular mass and function in these mice41. Our study and the 
report by Mishra et al. strongly support the notion that decreasing cardiac gangliosides using GCSi confers pro-
tection against pathological cardiac hypertrophy. Our study demonstrates the efficacy of GCSi on stress-induced 
cardiomyopathy not originating from cardiac lipid overload and lipotoxicity. The proven safety profile of GCSi 
and higher potency raises the enthusiasm that GZ667161 or related GCSi may be a new therapy for causes of 
cardiac hypertrophy including cardiac hypertrophy in CKD patients.

A recent study reported that mice with homozygous deletion of Ugcg encoding GCS in myocytes using 
α-MHC-Cre (Ugcgf/f; α-MHC-Cre) developed dilated cardiomyopathy and premature death23. Of note, lipid rafts 
are ubiquitously present in eukaryotic cells. They are membrane platforms for growth factor receptors and associ-
ated signaling complexes, and for membrane trafficking42. The specific lipid raft type present in cardiomyocytes, 
caveolae, also play an important role in the ultrastructure of myocytes. α-MHC expression begins very early 
in embryonic development in mice, at around embryonic day 8.5 and increases at neonatal day 243–45. It is not 
surprising that deletion of GSL and lipid rafts early in development has detrimental effects in mice.

Oral administration of GCSi lowers GSL systemically and in many tissues as evident by the reduction in the 
plasma levels. While we show that GSL contents are reduced in the heart, we cannot exclude that cardioprotection 
occurs indirectly through other organs. Our results suggest that it is not through renal protection or improvement 
of CKD-induced hypertension. GZ667161 crosses the blood brain barrier and reduces GSL in CNS31. Thus, the 
possibility that an effect on CNS and neural control of heart function yet exists.

Lipid rafts are GSL- and cholesterol-enriched microdomains in which the lipid constituents are in dynamic 
equilibrium with those in the bulk membrane42. Formation of lipid rafts is governed by physicochemical prop-
erties of lipids and stabilized by local lipid–protein and protein–protein interactions46. The density of lipid rafts 
varies among cell types ranging from fractions of a percentage to a few percentages of total cell membrane47. 

Figure 7.   Reduced dose GZ667161 decreases GSL levels in the heart and plasma of CKD and sham mice. (A–
D) Total ceramide, glucosylceramide, GL2, and ganglioside GM3 levels normalized to PC in the plasma of sham 
mice on control diet. (E–H) Total ceramide, glucosylceramide, GL2, and ganglioside GM3 levels normalized 
to PC in heart tissue of sham mice on control diet. Sham (n = 5 per group); 5/6 Nx (n = 4 per group). #P < 0.05 
vs. sham control of respective group. *P < 0.05 between indicated groups or sham control. ns not significantly 
different between indicated groups. Data is expressed as mean ± SEM.
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Figure 8.   GZ667161 ameliorates expression of cardiac remodeling genes in CKD mice. (A–D) RNA from heart tissue 
was isolated and RT-qPCR was performed to examine the expression of cardiac remodeling genes in the heart in 
mice with 7 weeks post-5/6 Nx operation. (A) BNP. (B) TRPC6. (C) Col-I. (D) Col-III. (E) Representative trichrome 
staining of CKD hearts. Scale bar is 1 mm. Sham (n = 3–4 per group). CKD (n = 3–4 per group). GZ667161 compound 
does not impact or change physiological conditions of CKD. (F) Blood urea nitrogen levels. (n = 9,5 sham control, 
CKD control respectively) (n = 7,6 sham GZ667161, 5/6 Nx GZ667161, respectively). (G) Albumin creatinine ratio 
(ACR). (H) Systolic BP, 4 weeks post-operation shown. Sham (n = 6), 5/6 Nx (n = 7–8). #P < 0.05 Sham vs. 5/6 Nx in 
respective groups. #P < 0.05 vs. sham control of respective group. *P < 0.05 between indicated groups. ns, not significant 
between indicated groups. Data is expressed as mean ± SEM.
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As membrane platforms for signaling complexes and trafficking, lipid rafts are essential for cell and organism 
function. They are also targets for modulating cellular signaling cascades. The effect of sKL on raft-associated 
gangliosides does not result in an all-or-nothing function of lipid rafts in cells. Rather, sKL regulates the size 
and/or number of lipid rafts present. The abundance of gangliosides within the lipid raft increases when size of 
the lipid raft grows. This increases the local concentration of gangliosides and enhances the binding of sKL to 
gangliosides within rafts. sKL binding to gangliosides leads to dissociation and downsizing of lipid rafts. Thus, 
through regulating lipid raft formation sKL modulates raft-associated growth factor signaling. The physiologi-
cal effect of sKL on cells and organs depends on lipid raft composition and association to signaling complexes 
of each cell type. The same principle applies to the pharmacological manipulation of lipid rafts by GCSi. As 
demonstrated in our pre-clinical studies, a therapeutic dose of GZ667161 is effective in cardioprotection and 
possesses a good safety profile.

Aside from the cardiac stress-induced model, the baseline heart mass (i.e., -ISO or sham) in GZ667161-treated 
mice (while not statistically significant) tends to be lower than control fed mice (see Figs. 5B,E and 6C). Mouse 
organs continue to grow several months after birth. Through its effect on raft-associated growth factor signaling, 
GZ667161 may slow postnatal cardiac growth. We found that food intake is not different between feeding control 
vs GZ667161 diet on 0.011% GZ667161 but is different in 0.033% GZ667161 (not shown). Weight loss in mice 
that received a higher dose of GZ667161 may be due to this decrease in food intake but could also be related to 
similar effects on growth factor signaling. Whether these combined effects are applicable to adult human hearts 
is unknown. Nonetheless, it raises interesting questions to whether GCSi may be more broadly applicable in 
controlling non-stress-induced cardiac growth and hypertrophy.

In summary, this current study provides pre-clinical data that pharmacological inhibition of GCS by 
GZ667161 ameliorates ISO-induced and CKD induced cardiac dysfunction. This occurs in the setting of no overt 
lipotoxicity from GSL overload. The data presented provides robust in vivo evidence supporting a potential novel 
clinical therapeutic for cardiac dysfunction in CKD patients. The data are consistent with our working hypothesis 
that targeting gangliosides, as believed by sKL, is an effective therapeutic approach for cardioprotection.

Methods
Whole‑cell recording.  For whole-cell recording of recombinant TRPC6 channels overexpressed in 
HEK293 cells, the pipette and bath solution contained (in mM) 120 Cs-aspartate (Cs-Asp), 10 CsCl, 1 MgCl2, 2 
MgATP, 5 EGTA, 1.5 CaCl2 (free [Ca2+] = 70 nM) and 10 CsHEPES (pH 7.2) and 140 NaCl, 5 KCl, 0.5 EGTA and 
10 NaHEPES (pH 7.4), respectively. As previously described, whole-cell currents were recorded under voltage-
clamp using an Axopatch 200B patch-clamp amplifier (Axon instruments Inc., Foster City, CA, USA)18,48. Voltage 
step protocol includes holding at 0 mV, and 200 ms steps from -100 mV to + 100 mV in + 2 mV increments. The 
pipette resistance was ~ 2–3 MΩ when filled with the pipette solution. Whole-cell access resistance was < 10 MΩ. 
Low-pass currents were filtered at 2  kHz and sampled every 0.1  ms. Data acquisition was performed using 
pClamp9.2 program (Axon Instrument, Inc. Foster City, CA, USA) and analysis using Prism (V8.0) software 
(GraphPad Software, San Diego, CA, USA)18,48.

Isoproterenol (ISO) induction model of cardiac hypertrophy.  Age-matched male 129/SvEv mice 
(Jackson Laboratory, Bar Harbor, ME, USA) of ~ 12 weeks old were used for ISO model experimentation. Mice 
were started on PicoLab® Rodent Diet 5053 (control diet) for 1 week before daily injections, and the drug groups 
were switched on 0.033% wt/wt GZ667161 diet (compound weight/food weight). Induction of cardiac hypertro-
phy was executed 3 days after diet switch by using ISO (3 mg/kg per day, diluted in normal saline) subcutaneous 
injection for 16 consecutive days. Blood pressure was taken before and after ISO injection by tail-cuff sphyg-
momanometer as previously described18. Echocardiogram (ECHO) to measure cardiac function was performed 
on day 17, then mice were weighed and euthanized for tissue collection using Isoflurane and cervical dislocation 
as approved by University of Iowa Institutional for Animal Care and Use Committee (IACUC).

CKD model generated by 5/6 nephrectomy.  CD-1 male mice (Charles River, Wilmington, MA, 
USA) ~ 10  weeks old were used for CKD model experiments. 5/6 nephrectomy surgery was performed as 
described before6,49. Mice were anesthetized with 5% isoflurane inhalation (AKORN Inc, Lake Forest IL, USA), 
and with continued 2% isoflurane inhalation flow throughout the surgery. The midabdominal region was cleaned 
with alcohol and sanitized with betadine solution. A ~ 2 cm incision was made to open up the abdomen. Using 
cotton tipped applicators, the left kidney was exposed and isolated. The upper and lower poles were cauterized, 
leaving approximately 1/3 of the left kidney. Then the right kidney was exposed. The right ureter and renal artery 
were tied off, and the right kidney was excised and removed. The surgical incision was sutured, and tissue glue 
was used to secure the closure. The mice were given 5 mg/kg of Carprofen (Zoetis Inc, Kalamazoo, MI, USA) 
for post-operative pain. Sham mice were generated by making and closing the incision without cauterization or 
removal of the kidneys. The mice were put on control diet 1-week post-operation. Week 2 post-operation one 
group of mice were left on control diet and another group was switched to 0.11% wt/wt GZ667161 diet. Blood 
pressure was measured, and urine was collected at Week 5 post-operation. ECHO was performed at Week 6 
post-operation and mice were dissected for tissue collection.

Measurement of kidney function of CKD mice.  Sham and CKD mice were placed unrestrained in 
metabolic cages for urine collection. 24-h and 48-h urine volume and water intake were measured by weight 
change of urine collection tubes or water bottles (g) converted to milliliters (mL). Urine was analyzed to examine 
albumin excretion, measured by albumin-creatinine ration (ACR), using QuantiChrom™ BCG Albumin and 
Creatinine Assay Kits (BioAssay Systems, Hayward, CA, USA). Blood was collected through retro-orbital bleed-
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ing with capillary tubes. Hematocrit was measured using HemataStat II Hematocrit Analyzer (EKF Diagnostics, 
San Antonio, TX, USA). Plasma was extracted after centrifugation at 5,000 rpm for 5 min. BUN was measured 
using Pointe BUN MedTest (B7552-150, Canton, MI, USA).

General experimental procedure on mice.  Systolic blood pressure and heart rate were measured non-
invasively using tail cuff sphygmomanometer as previously described (Visitech BP-2000 Series IIBlood Pressure 
Analysis System)18. Echocardiogram imaging was performed using Acuson Sequoia model 256 clinical echo-
cardiograph (Siemens, Malvern, PA,USA) fitted with an 8-MHz sector-scanning probe as described without the 
use of ketamine50. End-diastolic volume and stroke volume were measured in order to obtain ejection fraction 
percentage. Tissues (heart, tibia, and plasma) were collected at the end point. Body weight and heart weight 
were measured. Portions of heart tissue were collected for RNA isolation (saved in RNAlater), and lipid analysis 
(snap frozen and stored in -80 °C). The rest of the heart was stored in formalin for histological purposes. Tibia 
bones were digested with 1% SDS and 0.2 mg/kg proteinase K at 55ׄ°C overnight. Muscle and tissue were gently 
removed, and tibia was air-dried at room temperature. Tibia length was then measured using a digital caliper. All 
animal procedures were approved by IACUC and carried out in compliance with ARRIVE guidelines.

GSL analysis.  Tissues utilized in this analysis were collected from ISO treated mice fed control or 0.033% 
GZ667161 Diet. Sphingolipid quantitative analysis was executed by liquid chromatography and high- resolution 
or tandem mass spectrometry (LC/HR-MS or LC/MS/MS) as previously described51. GlcCer and PC extractions, 
tissue homogenization protocol, analyses, and modifications for GM3 analysis were also conducted as previ-
ously detailed. PC was coextracted with sphingolipids for the purpose of normalization51,52. In order to extract 
GM3, approximately 10 µL of heart tissue homogenate (from approximately 100 mg heart tissue per sample) or 
10 µL of serum plasma with a solvent comprised of equal volumes of acetonitrile and methanol. GM3 standard 
was purchased from Matreya, LLC. GM3 was separated with an isocratic elution using a mobile phase acetoni-
trile: methanol: water (61.5:33.23:5 vol/vol) in 10 mM of ammonium acetate, pH 6.8 for 2 min using a Waters 
Acquity UPLC and Waters Atlantis HILIC Silica column (3 mm, 2.1 × 100 mm) at room temperature. The flow 
rate was 0.4 mL/min. The eluent was analyzed by a Q Exactive mass spectrometer (ThermoFisher Scientific) that 
is equipped with a Heated ElectroSpray Ionization source. Data were gathered in full MS negative mode using 
the following parameters: scan range of 1100–1700 m/z, resolution 70,000, AGC target of 3e6, and max IT of 
256 ns. Quantification of distinct isoforms with various acyl-chain lengths was exchanged by MS1 extraction of 
ion chromatograms52.

RNA isolation and RT‑qPCR.  RNA was extracted from heart tissue using Trizol (Invitrogen) Reagent. 
RNA (10 mg) samples were then treated with TURBO DNase (Cat #AM1907, Invitrogen) prior to cDNA syn-
thesis. cDNA for each sample was synthesized using 1 mg of RNA with iScript cDNA Kit (BioRad) performed 
in a BioRad Thermocycler. cDNA was diluted and RT-qPCR was performed in a 96 well-plate with SYBR Green 
PCR mix. The following primers were used: 18S: F-5ʹ AGG​GGA​GAG​CGG​GTA​AGA​GA-3ʹ, R-5ʹ GGACA GGA​
CTA​GGC​GGA​ACA 3ʹ, ANP: F-5ʹ GCC​ATA​TTG​GAG​CAA​ATC​CT 3ʹ, R-5ʹ GCA​GGT​TCT​TGA​AA TCC​ATC​A 
3ʹ, BNP: F-5ʹ AGG​TGC​TGT​CCC​AGA​TGA​TTC​TGT​3ʹ, R-5ʹ CTT​GTG​CCC​AAA​GC AGC​TTG​AGAT 3ʹ, Col-I: 
F 5ʹ GAG​CGG​AGA​GTA​CTG​GAT​CG 3ʹ, R-5ʹ GTT​CGG​GCT​GAT​GTAC CAGT 3ʹ, Col-III: F 5ʹ CCT​GGC​TCA​
AAT​GGC​TCA​C 3ʹ, R- CAG​GAC​TGC​CGT​ TAT​TCC​CG 3ʹ, TRPC6: F-5ʹ CGC​TGC​CAC​CGT​ATGG 3ʹ, R- 5ʹ 
CCG​CCG​GTG​AGT​CAGT 3ʹ, Klotho: F-5ʹ TTC​AAA​CCC​GGA​AGTC TTTG 3ʹ, R- 5ʹ CCA​GGC​AGA​CGT​TCA​
CAT​TA 3ʹ. Primers supplied by Integrated DNA Technologies, Coralville, IA, USA.

Histology.  Hearts were stored and fixed in formalin at 4 °C and then paraffin embedded. Paraffin blocks 
were sectioned into 5 µm sections using Leica paraffin microtome in the Center of Microscopy at the University 
of Iowa. Sections were mounted onto Fischer brand frosted plus slides. Slides were then deparaffinized with 
rinses of xylene and stained with Masson’s Trichrome staining for collagen (blue), muscle fibers (red), and nuclei 
(black/blue). Coverslips were then mounted on stained slides with Permount Mounting Medium. Slides were 
then scanned in slide scanner, PrimeHisto XE (Pacific Image Electronics, New Taipei City, Taiwan). For further 
magnification of cardiomyocytes, slides were viewed under compound light microscopy at 20X. Myocyte size 
and number were quantified using ImageJ (NIH, Bethesda, MD, USA).

Statistical analysis.  Statistical comparisons were made using student t-tests between control and experi-
mental groups using GraphPad Prism. Each experiment was repeated at least once at different times with similar 
results. Data are presented as means ± SEM.

Ethics approval and consent to participate.  The experimental protocols were approved and reviewed 
by University of Iowa Institutional for Animal Care and Use Committee (IACUC) and performed in conformity 
with ARRIVE guidelines.

Ethics declarations.  All animal studies were performed in accordance with the approved guidelines and 
protocols by University of Iowa Institutional for Animal Care and Use Committee (IACUC). Protocol #0,041,990.

Data availability
The datasets supporting the conclusions are included within this article or are available from the corresponding 
author upon request.



14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:9340  | https://doi.org/10.1038/s41598-022-13390-z

www.nature.com/scientificreports/

Received: 1 March 2022; Accepted: 9 May 2022

References
	 1.	 Johansen, K. L. et al. US renal data system 2020 annual data report: Epidemiology of kidney disease in the United States. Am. J. 

Kidney Dis. 77(4 Suppl 1), A7–A8. https://​doi.​org/​10.​1053/j.​ajkd.​2021.​01.​002 (2021).
	 2.	 Centers for Disease Control and Prevention. Chronic Kidney Disease in the United States A, GA: US Department of Health and 

Human Services, Centers for Disease Control and Prevention (2021).
	 3.	 Makar, M. S. & Pun, P. H. Sudden cardiac death among hemodialysis patients. Am. J. Kidney Dis. 69(5), 684–695. https://​doi.​org/​

10.​1053/j.​ajkd.​2016.​12.​006 (2017).
	 4.	 Campese, V. M. Left ventricular function and chronic kidney disease: How soon does it start?. Nephrol. Dial. Transplant. 29(11), 

1989–1991. https://​doi.​org/​10.​1093/​ndt/​gfu223 (2014).
	 5.	 Jankowski, J., Floege, J., Fliser, D., Bohm, M. & Marx, N. Cardiovascular disease in chronic kidney disease: Pathophysiological 

insights and therapeutic options. Circulation 143(11), 1157–1172. https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​120.​050686 (2021).
	 6.	 Xie, J., Yoon, J., An, S. W., Kuro-o, M. & Huang, C. L. Soluble klotho protects against uremic cardiomyopathy independently of 

fibroblast growth factor 23 and phosphate. J. Am. Soc. Nephrol. 26(5), 1150–1160. https://​doi.​org/​10.​1681/​ASN.​20140​40325 (2015).
	 7.	 Segall, L., Nistor, I. & Covic, A. Heart failure in patients with chronic kidney disease: A systematic integrative review. Biomed. Res. 

Int. 2014, 937398. https://​doi.​org/​10.​1155/​2014/​937398 (2014).
	 8.	 Tuegel, C. & Bansal, N. Heart failure in patients with kidney disease. Heart 103(23), 1848–1853. https://​doi.​org/​10.​1136/​heart​

jnl-​2016-​310794 (2017).
	 9.	 Kuro-o, M. et al. Mutation of the mouse klotho gene leads to a syndrome resembling ageing. Nature 390(6655), 45–51. https://​doi.​

org/​10.​1038/​36285 (1997).
	10.	 Kurosu, H. et al. Suppression of aging in mice by the hormone Klotho. Science 309(5742), 1829–1833. https://​doi.​org/​10.​1126/​

scien​ce.​11127​66 (2005).
	11.	 Koh, N. et al. Severely reduced production of klotho in human chronic renal failure kidney. Biochem. Biophys. Res. Commun. 

280(4), 1015–1020. https://​doi.​org/​10.​1006/​bbrc.​2000.​4226 (2001).
	12.	 Kitagawa, M. et al. A decreased level of serum soluble Klotho is an independent biomarker associated with arterial stiffness in 

patients with chronic kidney disease. PLoS ONE 8(2), e56695. https://​doi.​org/​10.​1371/​journ​al.​pone.​00566​95 (2013).
	13.	 Xie, J., Wu, Y. L. & Huang, C. L. Deficiency of Soluble alpha-Klotho as an Independent Cause of Uremic Cardiomyopathy. Vitam 

Horm. 101, 311–330. https://​doi.​org/​10.​1016/​bs.​vh.​2016.​02.​010 (2016).
	14.	 Dalton, G. et al. Soluble klotho binds monosialoganglioside to regulate membrane microdomains and growth factor signaling. 

Proc. Natl. Acad. Sci. U S A. 114(4), 752–757. https://​doi.​org/​10.​1073/​pnas.​16203​01114 (2017).
	15.	 Dalton, G. D., Xie, J., An, S. W. & Huang, C. L. New insights into the mechanism of action of Soluble Klotho. Front. Endocrinol. 

(Lausanne). 8, 323. https://​doi.​org/​10.​3389/​fendo.​2017.​00323 (2017).
	16.	 Shayman, J. A. Targeting glucosylceramide synthesis in the treatment of rare and common renal disease. Semin. Nephrol. 38(2), 

183–192. https://​doi.​org/​10.​1016/j.​semne​phrol.​2018.​01.​007 (2018).
	17.	 Kuwahara, K. et al. TRPC6 fulfills a calcineurin signaling circuit during pathologic cardiac remodeling. J. Clin. Invest. 116(12), 

3114–3126. https://​doi.​org/​10.​1172/​JCI27​702 (2006).
	18.	 Xie, J. et al. Cardioprotection by Klotho through downregulation of TRPC6 channels in the mouse heart. Nat. Commun. 3, 1238. 

https://​doi.​org/​10.​1038/​ncomm​s2240 (2012).
	19.	 Makarewich, C. A. et al. Transient receptor potential channels contribute to pathological structural and functional remodeling 

after myocardial infarction. Circ. Res. 115(6), 567–580. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​115.​303831 (2014).
	20.	 Oh-hora, M. & Rao, A. The calcium/NFAT pathway: Role in development and function of regulatory T cells. Microbes Infect. 11(5), 

612–619. https://​doi.​org/​10.​1016/j.​micinf.​2009.​04.​008 (2009).
	21.	 Parra, V. & Rothermel, B. A. Calcineurin signaling in the heart: The importance of time and place. J. Mol. Cell Cardiol. 103, 121–136. 

https://​doi.​org/​10.​1016/j.​yjmcc.​2016.​12.​006 (2017).
	22.	 Hakomori, S. Structure, organization, and function of glycosphingolipids in membrane. Curr. Opin. Hematol. 10(1), 16–24. https://​

doi.​org/​10.​1097/​00062​752-​20030​1000-​00004 (2003).
	23.	 Andersson, L. et al. Glucosylceramide synthase deficiency in the heart compromises beta1-adrenergic receptor trafficking. Eur. 

Heart J. https://​doi.​org/​10.​1093/​eurhe​artj/​ehab4​12 (2021).
	24.	 Sasaki, N. & Toyoda, M. Vascular diseases and gangliosides. Int. J. Mol. Sci. https://​doi.​org/​10.​3390/​ijms2​02463​62 (2019).
	25.	 Cabrera-Salazar, M. A. et al. Systemic delivery of a glucosylceramide synthase inhibitor reduces CNS substrates and increases 

lifespan in a mouse model of type 2 Gaucher disease. PLoS ONE 7(8), e43310. https://​doi.​org/​10.​1371/​journ​al.​pone.​00433​10 (2012).
	26.	 Welford, R. W. D. et al. Glucosylceramide synthase inhibition with lucerastat lowers globotriaosylceramide and lysosome staining 

in cultured fibroblasts from Fabry patients with different mutation types. Hum. Mol. Genet. 27(19), 3392–3403. https://​doi.​org/​10.​
1093/​hmg/​ddy248 (2018).

	27.	 Hruska, K. S., LaMarca, M. E., Scott, C. R. & Sidransky, E. Gaucher disease: Mutation and polymorphism spectrum in the glu-
cocerebrosidase gene (GBA). Hum. Mutat. 29(5), 567–583. https://​doi.​org/​10.​1002/​humu.​20676 (2008).

	28.	 Gibb, A. A. & Hill, B. G. Metabolic coordination of physiological and pathological cardiac remodeling. Circ. Res. 123(1), 107–128. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​118.​312017 (2018).

	29.	 Klevstig, M. et al. Targeting acid sphingomyelinase reduces cardiac ceramide accumulation in the post-ischemic heart. J. Mol. Cell 
Cardiol. 93, 69–72. https://​doi.​org/​10.​1016/j.​yjmcc.​2016.​02.​019 (2016).

	30.	 Chokshi, A. et al. Ventricular assist device implantation corrects myocardial lipotoxicity, reverses insulin resistance, and normal-
izes cardiac metabolism in patients with advanced heart failure. Circulation 125(23), 2844–2853. https://​doi.​org/​10.​1161/​CIRCU​
LATIO​NAHA.​111.​060889 (2012).

	31.	 Sardi, S. P. et al. Glucosylceramide synthase inhibition alleviates aberrations in synucleinopathy models. Proc. Natl. Acad. Sci. U 
S A. 114(10), 2699–2704. https://​doi.​org/​10.​1073/​pnas.​16161​52114 (2017).

	32.	 Takaki, M. Cardiac mechanoenergetics for understanding isoproterenol-induced rat heart failure. Pathophysiology 19(3), 163–170. 
https://​doi.​org/​10.​1016/j.​patho​phys.​2012.​04.​004 (2012).

	33.	 Boluyt, M. O. et al. Isoproterenol infusion induces alterations in expression of hypertrophy-associated genes in rat heart. Am. J. 
Physiol. 269(2 Pt 2), H638–H647. https://​doi.​org/​10.​1152/​ajphe​art.​1995.​269.2.​H638 (1995).

	34.	 Yin, F. C., Spurgeon, H. A., Rakusan, K., Weisfeldt, M. L. & Lakatta, E. G. Use of tibial length to quantify cardiac hypertrophy: 
Application in the aging rat. Am. J. Physiol. 243(6), H941–H947. https://​doi.​org/​10.​1152/​ajphe​art.​1982.​243.6.​H941 (1982).

	35.	 Platt, F. M., Boland, B. & van der Spoel, A. C. The cell biology of disease: Lysosomal storage disorders: The cellular impact of 
lysosomal dysfunction. J. Cell Biol. 199(5), 723–734. https://​doi.​org/​10.​1083/​jcb.​20120​8152 (2012).

	36.	 Platt, F. M. Sphingolipid lysosomal storage disorders. Nature 510(7503), 68–75. https://​doi.​org/​10.​1038/​natur​e13476 (2014).
	37.	 Platt, F. M. et al. Inhibition of substrate synthesis as a strategy for glycolipid lysosomal storage disease therapy. J. Inherit Metab 

Dis. 24(2), 275–290. https://​doi.​org/​10.​1023/a:​10103​35505​357 (2001).

https://doi.org/10.1053/j.ajkd.2021.01.002
https://doi.org/10.1053/j.ajkd.2016.12.006
https://doi.org/10.1053/j.ajkd.2016.12.006
https://doi.org/10.1093/ndt/gfu223
https://doi.org/10.1161/CIRCULATIONAHA.120.050686
https://doi.org/10.1681/ASN.2014040325
https://doi.org/10.1155/2014/937398
https://doi.org/10.1136/heartjnl-2016-310794
https://doi.org/10.1136/heartjnl-2016-310794
https://doi.org/10.1038/36285
https://doi.org/10.1038/36285
https://doi.org/10.1126/science.1112766
https://doi.org/10.1126/science.1112766
https://doi.org/10.1006/bbrc.2000.4226
https://doi.org/10.1371/journal.pone.0056695
https://doi.org/10.1016/bs.vh.2016.02.010
https://doi.org/10.1073/pnas.1620301114
https://doi.org/10.3389/fendo.2017.00323
https://doi.org/10.1016/j.semnephrol.2018.01.007
https://doi.org/10.1172/JCI27702
https://doi.org/10.1038/ncomms2240
https://doi.org/10.1161/CIRCRESAHA.115.303831
https://doi.org/10.1016/j.micinf.2009.04.008
https://doi.org/10.1016/j.yjmcc.2016.12.006
https://doi.org/10.1097/00062752-200301000-00004
https://doi.org/10.1097/00062752-200301000-00004
https://doi.org/10.1093/eurheartj/ehab412
https://doi.org/10.3390/ijms20246362
https://doi.org/10.1371/journal.pone.0043310
https://doi.org/10.1093/hmg/ddy248
https://doi.org/10.1093/hmg/ddy248
https://doi.org/10.1002/humu.20676
https://doi.org/10.1161/CIRCRESAHA.118.312017
https://doi.org/10.1016/j.yjmcc.2016.02.019
https://doi.org/10.1161/CIRCULATIONAHA.111.060889
https://doi.org/10.1161/CIRCULATIONAHA.111.060889
https://doi.org/10.1073/pnas.1616152114
https://doi.org/10.1016/j.pathophys.2012.04.004
https://doi.org/10.1152/ajpheart.1995.269.2.H638
https://doi.org/10.1152/ajpheart.1982.243.6.H941
https://doi.org/10.1083/jcb.201208152
https://doi.org/10.1038/nature13476
https://doi.org/10.1023/a:1010335505357


15

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9340  | https://doi.org/10.1038/s41598-022-13390-z

www.nature.com/scientificreports/

	38.	 Guerard, N., Morand, O. & Dingemanse, J. Lucerastat, an iminosugar with potential as substrate reduction therapy for glycolipid 
storage disorders: Safety, tolerability, and pharmacokinetics in healthy subjects. Orphanet J. Rare Dis. 12(1), 9. https://​doi.​org/​10.​
1186/​s13023-​017-​0565-9 (2017).

	39.	 Lukina, E. et al. A phase 2 study of eliglustat tartrate (Genz-112638), an oral substrate reduction therapy for Gaucher disease type 
1. Blood 116(6), 893–899. https://​doi.​org/​10.​1182/​blood-​2010-​03-​273151 (2010).

	40.	 Peterschmitt, M. J. et al. Pharmacokinetics, pharmacodynamics, safety, and tolerability of oral venglustat in healthy volunteers. 
Clin. Pharmacol. Drug Dev. 10(1), 86–98. https://​doi.​org/​10.​1002/​cpdd.​865 (2021).

	41.	 Mishra, S., Bedja, D., Amuzie, C., Avolio, A. & Chatterjee, S. Prevention of cardiac hypertrophy by the use of a glycosphingolipid 
synthesis inhibitor in ApoE−/− mice. Biochem. Biophys. Res. Commun. 465(1), 159–164. https://​doi.​org/​10.​1016/j.​bbrc.​2015.​07.​
159 (2015).

	42.	 Simons, K. & Toomre, D. Lipid rafts and signal transduction. Nat. Rev. Mol. Cell Biol. 1(1), 31–39. https://​doi.​org/​10.​1038/​35036​
052 (2000).

	43.	 Fujita, J. et al. Ronin governs early heart development by controlling core gene expression programs. Cell Rep. 21(6), 1562–1573. 
https://​doi.​org/​10.​1016/j.​celrep.​2017.​10.​036 (2017).

	44.	 Pandya, K. et al. Discordant on/off switching of gene expression in myocytes during cardiac hypertrophy in vivo. Proc. Natl. Acad. 
Sci. U S A. 105(35), 13063–13068. https://​doi.​org/​10.​1073/​pnas.​08051​20105 (2008).

	45.	 Davis, J., Maillet, M., Miano, J. M. & Molkentin, J. D. Lost in transgenesis: A user’s guide for genetically manipulating the mouse 
in cardiac research. Circ. Res. 111(6), 761–777. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​111.​262717 (2012).

	46.	 Pike, L. J. Rafts defined: A report on the keystone symposium on lipid rafts and cell function. J Lipid Res. 47(7), 1597–1598. https://​
doi.​org/​10.​1194/​jlr.​E6000​02-​JLR200 (2006).

	47.	 Escriba, P. V. et al. Membrane lipid therapy: Modulation of the cell membrane composition and structure as a molecular base for 
drug discovery and new disease treatment. Prog. Lipid Res. 59, 38–53. https://​doi.​org/​10.​1016/j.​plipr​es.​2015.​04.​003 (2015).

	48.	 An, S. W. et al. WNK1 promotes PIP(2) synthesis to coordinate growth factor and GPCR-Gq signaling. Curr. Biol. 21(23), 1979–
1987. https://​doi.​org/​10.​1016/j.​cub.​2011.​11.​002 (2011).

	49.	 Leelahavanichkul, A. et al. Angiotensin II overcomes strain-dependent resistance of rapid CKD progression in a new remnant 
kidney mouse model. Kidney Int. 78(11), 1136–1153. https://​doi.​org/​10.​1038/​ki.​2010.​287 (2010).

	50.	 Francis, J., Weiss, R. M., Wei, S. G., Johnson, A. K. & Felder, R. B. Progression of heart failure after myocardial infarction in the 
rat. Am. J. Physiol. Regul. Integr. Comp. Physiol. 281(5), R1734–R1745. https://​doi.​org/​10.​1152/​ajpre​gu.​2001.​281.5.​R1734 (2001).

	51.	 Rogers, K. A. et al. Differences in the timing and magnitude of Pkd1 gene deletion determine the severity of polycystic kidney 
disease in an orthologous mouse model of ADPKD. Physiol. Rep. https://​doi.​org/​10.​14814/​phy2.​12846 (2016).

	52.	 Husson, H. et al. Correction of cilia structure and function alleviates multi-organ pathology in Bardet-Biedl syndrome mice. Hum. 
Mol. Genet. 29(15), 2508–2522. https://​doi.​org/​10.​1093/​hmg/​ddaa1​38 (2020).

Acknowledgements
The authors would like to thank Dr. Robert Weiss and Ms. Kathy Zimmerman for ECHO analysis. The authors 
would like to acknowledge use of the University of Iowa Central Microscopy Research Facility, a core resource 
supported by the University of Iowa Vice President for Research, and the Carver College of Medicine. The study 
is supported in part by the U.S. National Institutes of Health (NIH) National Institute of Diabetes and Digestive 
and Kidney Diseases (Grants DK100605, DK109887 to C.-L.H.). C-L.H. holds the Roy J. Carver Chair in Internal 
Medicine in the University of Iowa Carver College of Medicine.

Author contributions
G.C.B, J.X., H.P., and B.W. performed experiments and analyzed the data; J.X., H.H., and O.I.-B. supervised and 
advised on the project; G.C.B. prepared the figures and wrote the manuscript; all authors participated in writing 
the manuscript; C.-L.H. conceived and supervised the entire project and edited and finalized the manuscript. 
All authors approved the final manuscript.

Competing interests 
Sanofi provided the study drug, performed analysis of GSL in blood and tissues, and that employee of Sanofi 
(H. P., B.W., H. H., and O. I-B) may have stock options of the company. The remaining authors do not have any 
competing interests to declare.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​13390-z.

Correspondence and requests for materials should be addressed to C.-L.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1186/s13023-017-0565-9
https://doi.org/10.1186/s13023-017-0565-9
https://doi.org/10.1182/blood-2010-03-273151
https://doi.org/10.1002/cpdd.865
https://doi.org/10.1016/j.bbrc.2015.07.159
https://doi.org/10.1016/j.bbrc.2015.07.159
https://doi.org/10.1038/35036052
https://doi.org/10.1038/35036052
https://doi.org/10.1016/j.celrep.2017.10.036
https://doi.org/10.1073/pnas.0805120105
https://doi.org/10.1161/CIRCRESAHA.111.262717
https://doi.org/10.1194/jlr.E600002-JLR200
https://doi.org/10.1194/jlr.E600002-JLR200
https://doi.org/10.1016/j.plipres.2015.04.003
https://doi.org/10.1016/j.cub.2011.11.002
https://doi.org/10.1038/ki.2010.287
https://doi.org/10.1152/ajpregu.2001.281.5.R1734
https://doi.org/10.14814/phy2.12846
https://doi.org/10.1093/hmg/ddaa138
https://doi.org/10.1038/s41598-022-13390-z
https://doi.org/10.1038/s41598-022-13390-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Glucosylceramide synthase inhibition protects against cardiac hypertrophy in chronic kidney disease
	Results
	Glucosylceramide synthase inhibitor reduced TRPC6 current in vitro. 
	GSC inhibitor reduces glycosphingolipids (GSL) in the plasma and heart tissue. 
	GZ667161 protects against ISO-induced cardiac remodeling. 
	GZ667161 exerts cardioprotection on CKD mice and reduces CKD induced heart failure. 

	Discussion
	Methods
	Whole-cell recording. 
	Isoproterenol (ISO) induction model of cardiac hypertrophy. 
	CKD model generated by 56 nephrectomy. 
	Measurement of kidney function of CKD mice. 
	General experimental procedure on mice. 
	GSL analysis. 
	RNA isolation and RT-qPCR. 
	Histology. 
	Statistical analysis. 
	Ethics approval and consent to participate. 
	Ethics declarations. 

	References
	Acknowledgements


