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Abstract

Purpose of the review: The aim of this review is to highlight recent evidence on the role 

of the gastrointestinal tract and gut microbiome on CKD-MBD outcomes, including intestinal 

phosphorus absorption and sensing, and the effect of gut-oriented therapies.

Recent findings: Recent evidence has revealed a complex interplay among mineral metabolism 

and novel gut-related factors, including paracellular intestinal phosphate absorption, the gut 

microbiome, and the immune system, prompting a reevaluation of treatment approaches for 

CKD-MBD. The inhibition of NHE3 limits phosphate transport in the intestine and may lead 

to changes in the gut microbiome. A study in rats with CKD showed that the supplementation 

of the fermentable dietary inulin delayed CKD-MBD, lowering circulating phosphorus and 

parathyroid hormone, reducing bone remodeling and improving cortical parameters, and lowering 

cardiovascular calcifications. In non-CKD preclinical studies, probiotics and prebiotics improved 

bone formation mediated through the effect of butyrate facilitating the differentiation of T cells 

into Tregs, and T regs stimulating the osteogenic Wnt10b, and butyrate was also necessary for the 

PTH bone effects.

Summary: Recent findings support multiple possible roles for gut-oriented therapies in 

addressing CKD-MBD prevention and management that should be further explored through 

clinical and translational studies.
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Introduction

Chronic kidney disease-mineral bone disorder (CKD-MBD) is a highly prevalent systemic 

disorder of mineral and bone metabolism characterized by biochemical disturbances, bone 

abnormalities, and extra-skeletal calcifications.(1) Hyperphosphatemia is a key biochemical 

abnormality driving the pathophysiology of CKD-MBD.(2) Despite phosphorus being a vital 

nutrient with various important functions, including as a primary component bone mineral, 

excessive phosphorus intake has detrimental effects on bone health, cardiovascular health, 

and inflammation.(3–5) Therefore, prevention and management of hyperphosphatemia has 

been a primary focus of CKD-MBD treatment.

In CKD, therapeutic strategies for reducing hyperphosphatemia have primarily focused on 

limiting intestinal phosphate absorption by dietary phosphorus restriction and phosphate 

binder medications.(1, 6) While the current Kidney Disease Improving Global Outcomes 

(KDIGO) CKD-MBD updated guidelines do not have a specific dietary phosphorus 

recommendation(7), people with kidney disease are often prescribed dietary phosphorus 

intakes of 800–1000 mg/day.(8) However, limiting dietary phosphorus intake is challenging 

due to its widespread presence in the food supply.(6) In the United States, estimated daily 

phosphorus consumption is approximately 1500 mg/day, surpassing the adult Recommended 

Dietary Allowance of 700 mg/day.(9) Unfortunately, serum phosphorus has been increasing 

in the last decade in people with kidney failure undergoing dialysis, despite low phosphorus 

diets, phosphate binders, and dialysis treatment.(10) Ongoing studies are evaluating the 

effects of strict vs. liberalized approaches to hyperphosphatemia management on hard 

clinical outcomes (NCT03573089 and NCT04095039).(11) However, even normal range 

serum phosphorus levels have been associated with increased risk of mortality, (12) and a 

recent preclinical study supports that excess dietary phosphorus can be detrimental to bone 

in the absence of hyperphosphatemia.(13) Roberts, et al.(13)* fed mice with normal kidney 

function a diet with three times the normal phosphorus content (1.8%) for 20 weeks and 

showed lower bone volume and a higher number of T cells expressing IL-17a, RANKL, and 

TNF-α, suggesting that a possible inflammation mechanism by which chronic high intake 

of phosphorus exerts negative effects on bone. Further clinical and translational studies are 

needed that elucidate the effects of dietary phosphorus intake on CKD-MBD outcomes, as 

well as the mediating mechanisms.

Recent evidence has revealed a complex interplay among mineral metabolism and novel gut-

related factors, including paracellular intestinal phosphate absorption, the gut microbiome, 

immune cell dysfunction, inflammation, oxidative stress, prompting a reevaluation of 

treatment approaches.(14) Of particular interest has been the successful targeting of the 

paracellular phosphate absorption pathway by inhibition of sodium hydrogen exchanger 

type 3 (NHE3) with tenapanor, which has been shown to be effective as an add-on 

therapy or a stand-alone therapy for the management of hyperphosphatemia in people 

with kidney failure undergoing dialysis.(15, 16) Furthermore, preclinical evidence shows 

that metabolites derived from the gut microbiota may directly or indirectly impact bone 

and vascular outcomes, promoting renal osteodystrophy and cardiovascular calcification. 

Therefore, therapies that modulate gut microbial metabolism are of interest. The aim of this 
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review is to highlight the recent evidence on the role of the gastrointestinal tract and gut 

microbiome in CKD-MBD.

New insights in intestinal phosphate absorption and sensing

Intestinal phosphate absorption occurs along the small and large intestine by transcellular 

active transport via brush border membrane sodium-dependent phosphate co-transporters, 

and paracellular passive transport through intestinal epithelial cell tight junctions.(17) At 

the intakes observed in the general population and in people with CKD, paracellular 

absorption is favored.(17) Recently, Stremke et al.(18) demonstrated that fractional intestinal 

phosphorus absorption in people with moderate CKD was similar to people with normal 

kidney function (matched for age, sex, and race) when consuming dietary phosphorus at 

a typical U.S. intake level – despite lower 1,25-dihydroxyvitamin D in people with CKD. 

Therefore, therapies that reduce paracellular phosphorus absorption may offer a benefit to 

limiting overall intestinal phosphorus absorption in CKD, especially as intestinal phosphorus 

absorption efficiency appears to be maintained in CKD.

Tenapanor is an NHE3 inhibitor that alters tight junction permeability to phosphate, 

thereby limiting paracellular phosphate absorption.(19) Tenapanor has been shown to be 

effective in lowering serum phosphorus in combination with phosphate binders and as 

a monotherapy.(15, 16) Tenapanor was approved by the FDA in October of 2023 for 

use in patients on dialysis for treatment of hyperphosphatemia, and is currently the 

only phosphate-lowering therapy that directly inhibits intestinal phosphate absorption. 

In addition to phosphate-lowering effects, tenapanor has been approved since 2019 for 

treating irritable bowel syndrome (IBS) with constipation by inhibiting intestinal sodium 

absorption and softening stool.(20) These effects of tenapanor on bowel movements and 

sodium and phosphorus absorption suggest the possibility for effects of NHE3 inhibition 

on the gut microbiome. Xue et al.(21) recently explored the impact of intestine-specific 

NHE3 knockout in mice, and found that α-diversity, or diversity within a sample, was 

higher in the knockout mice compared with control mice. Furthermore, the overall bacterial 

composition, or β-diversity, also differed between knockout and control mice. Specific 

taxonomical changes in the intestine-specific NHE3 knockout mice included a higher 

relative abundance of Bacteroides, Enterococcus, Alistipes, and Parabacteroides, and a lower 

relative abundance of Robinsoniella, Eubacterium, Kineothrix, Roseburia, and Prevotella. 
Overall, this study suggests that a complete intestinal deletion drives a substantial change 

in the gut microbiome. However, this study did not assess changes in the microbial 

metabolome and was not in the context of CKD. Therefore, future studies should assess 

the impact of inhibiting intestinal NHE3 on the gut microbiome and microbial metabolome, 

as well as effects on CKD and CKD-MBD outcomes.

Finally, an additional development in intestinal phosphorus physiology was highlighted by 

a recent paper on phosphate sensing in enterocytes. Xu et al.(22)* described a phosphate-

sensing organelle in absorptive intestinal cells of fruit flies called the Pi-sensitive XPR1 

orthologue (PXo). Under a normal phosphorus diet, PXo sensed and transported phosphate 

to form a phospholipid membrane of PXo bodies. Under a phosphorus-deficient diet, these 

PXo bodies underwent lysosomal degradation and induced intestinal proliferation, which the 
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authors speculate was to increase the number of absorptive cells to correct for phosphorus 

deficiency. While the authors tested the impact of deficiency, they did not test the effects 

of excess dietary phosphorus, which is relevant in the context of CKD. Therefore, research 

incorporating this new phosphate sensing mechanism and its impact on CKD-MBD is 

needed.

The possible contribution of the gut microbiome to CKD-MBD

In CKD, gut dysbiosis is characterized by a shift in microbial metabolism favoring the 

fermentation of amino acids and other components present primarily in animal-based 

foods.(23) As a result, there is an increase in the circulating levels of gut-derived uremic 

toxins, such as p-cresyl sulfate, indoxyl sulfate, and trimethylamine-N-oxide (TMAO).(23) 

Evidence suggests that accumulation of these toxins results from a lower renal excretion 

rather than a higher production,(24, 25) but this remains inconclusive. These gut-derived 

uremic toxins are associated with poor outcomes, likely attributed to their proinflammatory 

and prooxidant effects.(26) Relevant to CKD-MBD, these gut-derived uremic toxins can 

impact bone-related outcomes. For example, in vitro studies have shown that indoxyl sulfate 

impairs osteoclastogenesis, having differential effects depending on timing (short-term vs. 

long-term exposure) and quantity (low-dose vs. high-dose).(27) Indoxyl sulfate also impairs 

osteoblast differentiation.(28) Furthermore, TMAO has been associated with low bone 

mineral density,(29) and a mechanistic study suggests that TMAO may lead to an adipogenic 

rather than osteogenic differentiation of bone marrow mesenchymal stem cells.(30)

Therapies targeting the gut microbiome and their metabolites may represent novel 

therapies to improve bone-related outcomes in CKD. In the non-CKD literature, probiotic 

supplementation in animal models and humans has been shown to stimulate bone formation 

(31–34). In 10-week-old mice, the supplementation of Lactobacillus rhamnosus GG 
(LGG) resulted in an expansion in butyrate-producing bacteria.(35) SCFAs, particularly 

butyrate, support the differentiation of T cells into Tregs, limiting bone resorption (36–38) 

augmenting bone formation by facilitating the differentiation of osteoblasts, (39) and playing 

a pivotal role in mediating PTH-induced bone formation.(40) Mechanistically, LGG and 

butyrate enhance the differentiation of Tregs independently and increase CD4+/CD8+ T cell 

ratio through the upregulation of osteogenic Wnt ligand Wnt10b, resulting in enhanced bone 

formation.(41) Because of these results, probiotic supplementation studies in CKD may be 

of interest, but caution should be taken as there may be deleterious effects, as seen in a 

recent study by Wei et al.(42), where the supplementation of LGG in 5/6th nephrectomized 

rats led to increased vascular calcification.

Another interesting mechanism by which the gut microbiome may impact bone is through 

the possible mediation of PTH effects on bone. Intermittent PTH treatment enhances bone 

volume and strength by a butyrate-mediated expansion of Treg cells,(43) and butyrate 

is crucial for the effects of PTH on conversion of CD4+ T cells into Tregs. Tregs, in 

turn, stimulate CD8+ T cells to release Wnt10b, serving as a critical signal for osteoblast 

proliferation, differentiation, and survival. Butyrate expedites this process through dual 

mechanisms: signaling through GPR43 in dendritic cells and exerting a direct influence 

on T cells.(44) Notably, germ-free mice and mice treated with antibiotics failed to exhibit 
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increased osteoblast activity in response to intermittent PTH, primarily due to lower levels 

of circulating butyrate, which recovered after physiologically-relevant supplementation with 

butyrate.(45) In contrast, chronically high levels of PTH, as observed in advanced CKD, 

promote bone loss particularly when segmented filamentous bacteria (SFB) are present in 

the gut microbiota.(46) SFB expands Th17 and TNF+ T cells within the gut. These immune 

cells subsequently migrate to the bone marrow and trigger bone resorption, leading to bone 

loss. Thus, investigation of potential gut-oriented therapies for renal osteodystrophy should 

include exploration of possible interactions with PTH-lowering therapies.

CKD may also alter changes in the composition and function of the microbiota leading to 

a lower production of short-chain fatty acids (SCFAs), including acetate, propionate, and 

butyrate. While some studies suggest that CKD leads to a lower capacity for producing 

SCFA,(47, 48) others suggest that it may be due to a lower dietary fiber intake rather than 

blunted capacity.(49, 50) Dietary fiber intake in people with CKD has been reported to be 

lower than the recommended amount of 14g per 1000 kcal. (23, 51) Low fiber intake may 

be secondary to dietary potassium and phosphorus restrictions leading to lower consumption 

of plant-based fiber-rich foods.(52) Diet is a primary determinant of the gut microbiome, and 

dietary fiber, particularly fermentable dietary fiber, may aid in shifting microbial metabolism 

towards higher production of SCFA and lower production of gut-derived uremic toxins.(23)

Our group recently showed that supplementing the fermentable fiber inulin alters the 

gut microbiota, lowers indoxyl sulfate and p-cresyl sulfate, and improves CKD-MBD 

outcomes in a rat model of progressive CKD.(53)** Rats with mild-to-moderate CKD 

were fed a 10% inulin diet for 8–10 weeks until they reached stage 4 and 5 CKD. 

In addition to lowering gut-derived uremic toxins, inulin supplementation improved the 

three hallmarks of CKD-MBD: biochemical abnormalities, bone abnormalities, and extra-

skeletal calcifications. Specifically, inulin treatment lowered serum phosphorus and PTH, 

reduced bone remodeling, improved cortical parameters without altering trabecular bone 

or mechanics, and reduced aorta and heart calcification and left ventricular mass index. 

Thus, inulin may be a novel, low-cost intervention for preventing CKD-MBD progression, 

but clinical trials are needed to confirm these effects. Gut-oriented therapies may also act 

as phosphate-binding agents. Moon et al.(54) screened 30 lactic acid bacteria in Korean 

fermented foods and found that Lactobacillus paraplantarum KCCM 11826P absorbed 

phosphorus in vitro, which was due to a polyphosphate gene cluster. Then, when 5/6th 

nephrectomized rats were supplemented with this strain, serum phosphorus was lower 

after six weeks compared with 5/6th nephrectomized rats supplemented with a placebo. 

Overall, these studies support the possible roles for prebiotic and probiotic (or synbiotic) 

supplements for improving CKD-MBD-related outcomes.

Conclusion

Recent preclinical and clinical studies suggest that focusing on gut-oriented therapies, such 

as prebiotics, probiotics, and by inhibiting the intestinal NHE3 may offer a new venue for 

the prevention and treatment of CKD-MBD. These approaches should be further explored 

through future clinical and translational studies.

Mirmohammadali et al. Page 5

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2025 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Financial Support:

AB was supported by a K12 (The project described was supported by the National Center for Advancing 
Translational Sciences (NCATS) of the National Institutes of Health under award number K12TR004415. The 
content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH).

References

1. Ketteler M, Block GA, Evenepoel P, et al. Diagnosis, Evaluation, Prevention, and Treatment of 
Chronic Kidney Disease-Mineral and Bone Disorder: Synopsis of the Kidney Disease: Improving 
Global Outcomes 2017 Clinical Practice Guideline Update. Ann Intern Med. 2018;168(6):422–30. 
[PubMed: 29459980] 

2. Hruska KA, Mathew S, Lund R, et al. Hyperphosphatemia of chronic kidney disease. Kidney Int. 
2008;74(2):148–57. [PubMed: 18449174] 

3. Czaya B, Heitman K, Campos I, et al. Hyperphosphatemia increases inflammation to exacerbate 
anemia and skeletal muscle wasting independently of FGF23-FGFR4 signaling. Elife. 2022;11.

4. Chang AR, Lazo M, Appel LJ, et al. High dietary phosphorus intake is associated with all-cause 
mortality: results from NHANES III. Am J Clin Nutr. 2014;99(2):320–7. [PubMed: 24225358] 

5. Gutierrez OM, Porter AK, Viggeswarapu M, et al. Effects of phosphorus and calcium to 
phosphorus consumption ratio on mineral metabolism and cardiometabolic health. J Nutr Biochem. 
2020;80:108374. [PubMed: 32278118] 

6. Biruete A, Hill Gallant KM, Lloyd L, et al. ‘Phos’tering a clear message: the evolution of dietary 
phosphorus management in chronic kidney disease. J Ren Nutr. 2023.

7. Kidney Disease: Improving Global Outcomes CKDMBDUWG. KDIGO 2017 Clinical Practice 
Guideline Update for the Diagnosis, Evaluation, Prevention, and Treatment of Chronic Kidney 
Disease-Mineral and Bone Disorder (CKD-MBD). Kidney Int Suppl (2011). 2017;7(1):1–59. 
[PubMed: 30675420] 

8. National Kidney F K/DOQI clinical practice guidelines for bone metabolism and disease in chronic 
kidney disease. Am J Kidney Dis. 2003;42(4 Suppl 3):S1–201. [PubMed: 14520607] 

9. McClure ST, Chang AR, Selvin E, etb al. Dietary Sources of Phosphorus among Adults in the 
United States: Results from NHANES 2001–2014. Nutrients. 2017;9(2).

10. Guedes M, Bieber B, Dasgupta I, et al. Serum Phosphorus Level Rises in US Hemodialysis 
Patients Over the Past Decade: A DOPPS Special Report. Kidney Med. 2023;5(2):100584. 
[PubMed: 36704450] 

11. Edmonston DL, Isakova T, Dember LM, et al. Design and Rationale of HiLo: A Pragmatic, 
Randomized Trial of Phosphate Management for Patients Receiving Maintenance Hemodialysis. 
Am J Kidney Dis. 2021;77(6):920–30 e1. [PubMed: 33279558] 

12. Dhingra R, Sullivan LM, Fox CS, et al. Relations of serum phosphorus and calcium levels to 
the incidence of cardiovascular disease in the community. Arch Intern Med. 2007;167(9):879–85. 
[PubMed: 17502528] 

13. Roberts JL, Yu M, Viggeswarapu M, et al. Dietary phosphorus consumption alters T cell 
populations, cytokine production, and bone volume in mice. JCI Insight. 2023;8(10). * This study 
highlighted that even in the absence of hyperphosphatemia, there is a detrimental effect of high 
phosphorus intake on bone driven, at least in part, by T cells expressing IL17a, RANKL, and TNF- 
α.

14. Evenepoel P, Stenvinkel P, Shanahan C, Pacifici R. Inflammation and gut dysbiosis as drivers of 
CKD-MBD. Nat Rev Nephrol. 2023;19(10):646–57. [PubMed: 37488276] 

15. Block GA, Rosenbaum DP, Yan A, Chertow GM. Efficacy and Safety of Tenapanor in Patients 
with Hyperphosphatemia Receiving Maintenance Hemodialysis: A Randomized Phase 3 Trial. J 
Am Soc Nephrol. 2019;30(4):641–52. [PubMed: 30846557] 

16. Fukagawa M, Urano N, Ikejiri K, et al. Tenapanor for the Treatment of Hyperphosphatemia in 
Japanese Hemodialysis Patients: A Randomized Phase 3 Monotherapy Study With an Up-titration 
Regimen. Am J Kidney Dis. 2023.

17. Wagner CA. The basics of phosphate metabolism. Nephrol Dial Transplant. 2023.

Mirmohammadali et al. Page 6

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2025 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Stremke ER, Wiese GN, Moe SM, et al. Intestinal Phosphorus Absorption in Moderate CKD and 
Healthy Adults Determined Using a Radioisotopic Tracer. J Am Soc Nephrol. 2021;32(8):2057–
69. [PubMed: 34244325] 

19. King AJ, Siegel M, He Y, et al. Inhibition of sodium/hydrogen exchanger 3 in the gastrointestinal 
tract by tenapanor reduces paracellular phosphate permeability. Sci Transl Med. 2018;10(456).

20. Chang L, Sultan S, Lembo A, et al. AGA Clinical Practice Guideline on the Pharmacological 
Management of Irritable Bowel Syndrome With Constipation. Gastroenterology. 2022;163(1):118–
36. [PubMed: 35738724] 

21. Xue J, Dominguez Rieg JA, Thomas L, et al. Intestine-Specific NHE3 Deletion in Adulthood 
Causes Microbial Dysbiosis. Front Cell Infect Microbiol. 2022;12:896309. [PubMed: 35719363] 

22. Xu C, Xu J, Tang HW, et al. A phosphate-sensing organelle regulates phosphate and tissue 
homeostasis. Nature. 2023;617(7962):798–806. [PubMed: 37138087] * This paper describes a 
new phosphate-sensing organelle in absorptive cells of intestine of fruitflies called Pi-sensitive 
XPR1 orthologue (PXo). Under normal phosphate diet, PXo senses and transports Pi to form 
a phospholipid membrane of PXo bodies. Under phosphate-deficient diet, these PXo bodies 
undergo lysosomal degradation and induce intestinal proliferation, which the authors speculate is 
to increase the number of absorptive cells to correct for the nutrient deficiency.

23. Biruete A, Shin A, Kistler BM, Moe SM. Feeling gutted in chronic kidney disease (CKD): 
Gastrointestinal disorders and therapies to improve gastrointestinal health in individuals CKD, 
including those undergoing dialysis. Semin Dial. 2021. ** This study showed that supplementing 
the fermentable dietary fiber inulin lower plasma phosphorus and PTH, improving cortical 
parameters and limiting cardiovascular calcifications in rats with CKD.

24. Gryp T, De Paepe K, Vanholder R, et al. Gut microbiota generation of protein-bound uremic toxins 
and related metabolites is not altered at different stages of chronic kidney disease. Kidney Int. 
2020;97(6):1230–42. [PubMed: 32317112] 

25. Wiese GN, Biruete A, Stremke ER, et al. Gut Microbiota and Uremic Retention Solutes in Adults 
with Moderate CKD: A 6-Day Controlled Feeding Study. J Ren Nutr. 2023.

26. Saaoud F, Liu L, Xu K, et al. Aorta- and liver-generated TMAO enhances trained immunity 
for increased inflammation via ER stress/mitochondrial ROS/glycolysis pathways. JCI Insight. 
2023;8(1).

27. Liu WC, Shyu JF, Lim PS, et al. Concentration and Duration of Indoxyl Sulfate Exposure 
Affects Osteoclastogenesis by Regulating NFATc1 via Aryl Hydrocarbon Receptor. Int J Mol Sci. 
2020;21(10).

28. Liu WC, Shyu JF, Lin YF, et al. Resveratrol Rescue Indoxyl Sulfate-Induced Deterioration 
of Osteoblastogenesis via the Aryl Hydrocarbon Receptor /MAPK Pathway. Int J Mol Sci. 
2020;21(20).

29. Lin H, Liu T, Li X, et al. The role of gut microbiota metabolite trimethylamine N-oxide in 
functional impairment of bone marrow mesenchymal stem cells in osteoporosis disease. Ann 
Transl Med. 2020;8(16):1009. [PubMed: 32953809] 

30. Liu Y, Guo YL, Meng S, et al. Gut microbiota-dependent Trimethylamine N-Oxide are related 
with hip fracture in postmenopausal women: a matched case-control study. Aging (Albany NY). 
2020;12(11):10633–41. [PubMed: 32482913] 

31. Jafarnejad S, Djafarian K, Fazeli MR, et al. Effects of a Multispecies Probiotic Supplement on 
Bone Health in Osteopenic Postmenopausal Women: A Randomized, Double-blind, Controlled 
Trial. J Am Coll Nutr. 2017;36(7):497–506. [PubMed: 28628374] 

32. Li JY, Chassaing B, Tyagi AM, et al. Sex steroid deficiency-associated bone loss is microbiota 
dependent and prevented by probiotics. J Clin Invest. 2016;126(6):2049–63. [PubMed: 27111232] 

33. Nilsson AG, Sundh D, Backhed F, Lorentzon M. Lactobacillus reuteri reduces bone loss in older 
women with low bone mineral density: a randomized, placebo-controlled, double-blind, clinical 
trial. J Intern Med. 2018;284(3):307–17. [PubMed: 29926979] 

34. Zhang J, Motyl KJ, Irwin R, et al. Loss of Bone and Wnt10b Expression in Male Type 1 Diabetic 
Mice Is Blocked by the Probiotic Lactobacillus reuteri. Endocrinology. 2015;156(9):3169–82. 
[PubMed: 26135835] 

Mirmohammadali et al. Page 7

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2025 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Berni Canani R, Sangwan N, Stefka AT, et al. Lactobacillus rhamnosus GG-supplemented formula 
expands butyrate-producing bacterial strains in food allergic infants. ISME J. 2016;10(3):742–50. 
[PubMed: 26394008] 

36. Kelchtermans H, Geboes L, Mitera T, et al. Activated CD4+CD25+ regulatory T cells inhibit 
osteoclastogenesis and collagen-induced arthritis. Ann Rheum Dis. 2009;68(5):744–50. [PubMed: 
18480308] 

37. Furusawa Y, Obata Y, Fukuda S, et al. Commensal microbe-derived butyrate induces 
the differentiation of colonic regulatory T cells. Nature. 2013;504(7480):446–50. [PubMed: 
24226770] 

38. Smith PM, Howitt MR, Panikov N, et al. The microbial metabolites, short-chain fatty acids, 
regulate colonic Treg cell homeostasis. Science. 2013;341(6145):569–73. [PubMed: 23828891] 

39. Lei H, Schmidt-Bleek K, Dienelt A, et al. Regulatory T cell-mediated anti-inflammatory effects 
promote successful tissue repair in both indirect and direct manners. Front Pharmacol. 2015;6:184. 
[PubMed: 26388774] 

40. Yu M, D’Amelio P, Tyagi AM, et al. Regulatory T cells are expanded by Teriparatide 
treatment in humans and mediate intermittent PTH-induced bone anabolism in mice. EMBO Rep. 
2018;19(1):156–71. [PubMed: 29158349] 

41. Tyagi AM, Yu M, Darby TM, et al. The Microbial Metabolite Butyrate Stimulates Bone Formation 
via T Regulatory Cell-Mediated Regulation of WNT10B Expression. Immunity. 2018;49(6):1116–
31 e7. [PubMed: 30446387] 

42. Wei J, Li Z, Fan Y, et al. Lactobacillus rhamnosus GG aggravates vascular calcification in chronic 
kidney disease: A potential role for extracellular vesicles. Life Sci. 2023;331:122001. [PubMed: 
37625519] 

43. Wein MN, Kronenberg HM. Regulation of Bone Remodeling by Parathyroid Hormone. Cold 
Spring Harb Perspect Med. 2018;8(8).

44. Li JY, Walker LD, Tyagi AM, et al. The sclerostin-independent bone anabolic activity 
of intermittent PTH treatment is mediated by T-cell-produced Wnt10b. J Bone Miner Res. 
2014;29(1):43–54. [PubMed: 24357520] 

45. Li JY, Yu M, Pal S, et al. Parathyroid hormone-dependent bone formation requires butyrate 
production by intestinal microbiota. J Clin Invest. 2020;130(4):1767–81. [PubMed: 31917685] 

46. Yu M, Malik Tyagi A, Li JY, et al. PTH induces bone loss via microbial-dependent expansion of 
intestinal TNF(+) T cells and Th17 cells. Nat Commun. 2020;11(1):468. [PubMed: 31980603] 

47. Terpstra ML, Sinnige MJ, Hugenholtz F, et al. Butyrate production in patients with end-stage renal 
disease. Int J Nephrol Renovasc Dis. 2019;12:87–101. [PubMed: 31123416] 

48. Sato N, Kakuta M, Hasegawa T, et al. Metagenomic profiling of gut microbiome in early chronic 
kidney disease. Nephrol Dial Transplant. 2021;36(9):1675–84. [PubMed: 32869063] 

49. Biruete A, Cross TL, Allen JM, et al. Effect of Dietary Inulin Supplementation on the Gut 
Microbiota Composition and Derived Metabolites of Individuals Undergoing Hemodialysis: A 
Pilot Study. J Ren Nutr. 2021.

50. Poesen R, Windey K, Neven E, et al. The Influence of CKD on Colonic Microbial Metabolism. J 
Am Soc Nephrol. 2016;27(5):1389–99. [PubMed: 26400570] 

51. Su G, Qin X, Yang C, et al. Fiber intake and health in people with chronic kidney disease. Clin 
Kidney J. 2022;15(2):213–25. [PubMed: 35145637] 

52. Carrero JJ, Gonzalez-Ortiz A, Avesani CM, et al. Plant-based diets to manage the risks and 
complications of chronic kidney disease. Nat Rev Nephrol. 2020.

53. Biruete A, Chen NX, Metzger CE, et al. The Dietary Fermentable Fiber Inulin Alters the Intestinal 
Microbiome and Improves Chronic Kidney Disease Mineral-Bone Disorder in a Rat Model of 
CKD. Biorxiv. 2023;526093 [PREPRINT].

54. Moon SJ, Hwang J, Kang WK, et al. Administration of the probiotic Lactiplantibacillus 
paraplantarum is effective in controlling hyperphosphatemia in 5/6 nephrectomy rat model. Life 
Sci. 2022;306:120856. [PubMed: 35926592] 

Mirmohammadali et al. Page 8

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2025 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key points:

• Intestine-specific NHE3 knockout mice exhibit substantial changes in the 

gut microbiome including increased bacterial diversity, which may have 

implications for the impacts of the newly approved Tenapanor.

• Based on CKD rat data, fermentable dietary fiber may represent an 

innovative, low-cost intervention to improve CKD-MBD outcomes, but 

clinical trials are needed to confirm.

• Lactobacillus paraplantarum KCCM 11826P, a probiotic strain from 

fermented foods, may have phosphate-binding capacity and potential for 

lowering serum phosphorus, as shown in CKD rats.

• The short-chain fatty acid butyrate mediates intermittent and chronic effects 

of high PTH on bone, but this mechanism has not been tested in CKD.

• Phosphorus-sensitive XPR1 orthologue (PXo) was recently described as a 

sensing mechanism in intestinal absorptive cells of fruit flies, particularly in 

the context of normal and phosphorus-deficient diets.
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