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High protein intake can increase glomerular filtration rate (GFR) in response to excretory overload, which may exacerbate

the progression of kidney disease. However, the direct association between glomerular hemodynamic response at the

single-nephron level and dietary protein intake has not been fully elucidated in humans. In the present study, we

evaluated nutritional indices associated with single-nephron GFR (SNGFR) calculated based on corrected creatinine

clearance (SNGFR ). We retrospectively identified 43 living kidney donors who underwent enhanced computed

tomography and kidney biopsy at the time of donation at Jikei University Hospital in Tokyo from 2007 to 2018. Total

nephron number was estimated with imaging-derived cortical volume and morphometry-derived glomerular density.

SNGFR  was calculated by dividing the corrected creatinine clearance by the number of non-sclerosed glomeruli

(Nglom ). The mean (± standard deviation) Nglom /kidney and SNGFR  were 685 000 ± 242 000 and 61.0 ± 23.9

nL/min, respectively. SNGFR  was directly associated with estimated protein intake/ideal body weight (P = 0.005) but not

with body mass index, mean arterial pressure, albumin, or sodium intake. These findings indicate that greater protein

intake may increase SNGFR and lead to glomerular hyperfiltration.
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1. Introduction

Chronic kidney disease (CKD) is a global health concern because of increased morbidity and mortality . Dietary

interventions are an effective strategy to prevent or delay the progression of CKD, and current nutritional management

recommendations include controlling the intake of protein, sodium, and phosphorus . A high-protein diet is known to

increase the risk of CKD development and progression through several mechanisms. In animal models  and humans

, dietary protein was shown to increase intrinsic acid production, which can cause kidney injury due to acid retention-

induced kidney endothelin and aldosterone production. Furthermore, increased dietary protein per se was shown to

induce kidney injury through a hemodynamic mechanism of renal hyperfiltration in humans  and experimental animals

. However, the direct association between protein intake and glomerular hemodynamic response remains poorly

understood.

Glomerular hyperfiltration, defined as an abnormal renal hemodynamic change at a single-nephron or whole-kidney level,

may arise from metabolic disturbances and is a risk factor for progressive kidney damage. Among the various diseases

and conditions associated with glomerular hyperfiltration are diabetes mellitus, polycystic kidney disease, secondary focal

segmental glomerulosclerosis, pregnancy, obesity, and a high-protein diet . While experimental studies using high

protein loading in animals show that glomerular hyperfiltration at the single-nephron level precedes the subsequent

albuminuria and glomerulosclerosis , the lack of available methods to measure single-nephron glomerular filtration rate

(SNGFR) in humans has hindered clinical studies to assess glomerular hyperfiltration in humans . Thus, most studies

have utilized elevated glomerular filtration rate (GFR) at the whole-kidney level as an indicator of glomerular

hyperfiltration.

Recent studies in humans have described a new method to calculate SNGFR, which is defined as GFR divided by the

estimated total number of non-sclerosed glomeruli (Nglom ) . Using this method, we previously demonstrated that

the estimated total number of glomeruli (Nglom ) in Japanese living kidney donors was similar to that determined in a

Japanese autopsy study which used the physical disector/fractionator method, the gold standard method for estimating

total number of glomeruli in kidneys . Additionally, in an autopsy study of Japanese subjects, we showed that

SNGFR was higher in those with hypertension compared to normotensive subjects . A higher SNGFR, which indicates

glomerular hyperfiltration, is associated with certain risk factors for CKD and certain kidney biopsy findings such as

glomerular hypertrophy and sclerosis . Despite numerous clinical trials and observational nutritional studies on renal

hyperfiltration using elevated whole-kidney GFR as a parameter, few studies reported the association of SNGFR with

nutritional indices.
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We hypothesized that a high protein intake would lead to glomerular hyperfiltration with an elevated SNGFR, leading to

CKD either directly or indirectly through damage to the glomerular structure. In the present study, we calculated SNGFR

by estimating the number of glomeruli in living kidney donors using the combined computed tomography imaging and

kidney biopsy method  and explored the association between protein intake and SNGFR in healthy individuals without

CKD.

2. Discussion and Findings

The major new finding of the present study, including 43 Japanese living kidney donors without CKD, is the positive

correlation between protein intake and SNGFR, which persisted with the statistical trend analysis of the cohort

categorized according to the PI/IBW tertiles and after the consideration of confounders for glomerular and renal

hyperfiltration. These findings suggest that greater daily protein intake may increase SNGFR and induce glomerular

hyperfiltration.

The positive correlation of protein intake with SNGFR is in agreement with previous reports. Early studies in rats

demonstrated that an increase in SNGFR depended on protein intake during systemic amino acid infusion .

Although the exact mechanism for the glomerular hemodynamic responses to a high-protein diet, as well as the multiple

mediators and factors affecting this mechanism, is yet to be settled, several studies reported that neuronal nitric oxide

synthase  and tubuloglomerular feedback (TGF)  played pivotal roles in high-protein diet-induced glomerular

hyperfiltration . Specifically, TGF was a key player in the control of glomerular hemodynamics. Micropuncture data

showed that a high-protein diet induced a 21% increase in SNGFR with TGF but no significant change in SNGFR in the

absence of TGF .

High protein intake increases the filtration of amino acids and their reabsorption in proximal tubules. As the reabsorption of

most amino acids is sodium-dependent , concomitantly increased sodium reabsorption leads to reduced sodium

chloride concentrations in macula densa and results in reduced TGF signaling, which increases the SNGFR . High

protein intake also leads to increased urea excretion, which creates an osmotic load in the renal tubule lumen. As the

most abundant solute in urine, urea plays an important role in the urinary concentrating mechanism . Vasopressin,

which is secreted to prevent urea-dependent osmotic diuresis, affects urea channels, resulting in the reabsorption of urea

into the inner medullary interstitium. Sodium reabsorption that occurs simultaneously to create and maintain the osmotic

gradient in the medulla  leads to increased SNGFR, as mentioned above.

Although not observed in this study, an association between high protein intake and elevated eGFR has been reported in

several studies . This discrepancy might be caused by a difference in glomerular hyperfiltration between the single-

nephron level and the whole-kidney level . In addition, in the early stage of CKD, whole-kidney GFR is preserved within

the normal range, whereas SNGFR increases to compensate for nephron loss . Furthermore, in this study, the subjects

were healthy kidney donors with preserved kidney function and a mean PI/IBW of 1.0 ± 0.2 g/kg/day, whereas other

studies defined a high-protein diet as a PI/IBW of >1.2 or 1.5 g/kg/day . According to the International Society of

Renal Nutrition and Metabolism Commentary on the National Kidney Foundation and Academy of Nutrition and Dietetics

KDOQI Clinical Practice Guideline for Nutrition in Chronic Kidney Disease, a moderately high protein diet was defined as

1.2–1.5 g/kg/day; this was the reported average protein intake of adults without CKD in the United States . In this

updated guideline, the recommended range for adults without CKD but who are at high risk for CKD was 0.8–1.0 g/kg/day.

The optimal daily protein intake for healthy individuals is a topic of much debate.

Unlike a previous study that determined the SNGFR based on urinary iothalamate clearance in healthy adult subjects ,

we used creatinine clearance to calculate SNGFR as we were able to correct most of the data based on 24-h urine

collection. Creatinine clearance is known to lead to the overestimation of GFR because of the tubular secretion of

creatinine . Applying a correlation coefficient  to calculate SNGFR based on creatinine clearance allowed us to

address this issue in the present study.

Moreover, SI and MAP did not show a significant correlation with SNGFR  in the present study. In fact, the direct

association of SNGFR with SI and hypertension is not fully understood. Certain studies have shown that salt intake

increased GFR at a whole-kidney level and mean arterial pressure . A recent study calculating SNGFR in 1388 living

kidney donors showed that a higher SNGFR was associated with higher BMI, increased height, and family history of end-

stage renal disease, although it was not associated with mild hypertension . In an autopsy study of Japanese patients,

we previously reported that SNGFR was higher in hypertensive subjects than normotensive subjects ; however, the

blood pressure of the subjects in the present study was well controlled with medications or dietary interventions. In
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addition, the mean SI was within the normal range (8.0 ± 2.9 g/day) compared to the mean SI of 10.1 g/day reported in

the Japanese population. Of note, the recommended SI is less than 7.5 g/day for males and 6.5 g/day for females

according to the 2020 recommendations of the Japanese Ministry of Health, Labor, and Welfare.

The present study has several limitations that should be acknowledged. First, parameters representing dietary acid load

were not included. Second, we estimated SNGFR based on only creatinine clearance, and dietary protein intake was

estimated from 24-h urinary urea excretion at one point. Third, the causal relationship between dietary protein intake and

SNGFR could not be determined due to the correlation analyses and the observational nature of the study. Finally, the

study cohort included Japanese subjects with normal kidney function, and the generalization of the results require further

studies. Recently, in our latest study, we proposed a new method to estimate nephron number using unenhanced

computed tomography and biopsy-based stereology . Therefore, further study on a larger number of subjects, including

CKD patients who are often unsuitable for contrast media administration, is expected with this new method.

Despite these limitations, a major strength of the present study is the measurement of SNGFR in humans as a

representative parameter of renal hemodynamic change at the single-nephron level. Few studies previously investigated

SNGFR in association with protein intake. We also examined the correlation of SNGFR with diet-related parameters to

reveal the strong association between protein intake and glomerular hyperfiltration.

3. Conclusions

The present study, including healthy Japanese living kidney donors, reveals that greater protein intake might lead to

increased SNGFR and glomerular hyperfiltration. These findings gave us a new insight to understand the critical role of a

high-protein diet in inducing glomerular hyperfiltration.

References

1. Naghavi, M.; Abajobir, A.A.; Abbafati, C.; Abbas, K.M.; Abd-Allah, F.; Abera, S.F.; Aboyans, V.; Adetokunboh, O.; Afshin,
A.; Agrawal, A.; et al. Global, regional, and national age-sex specific mortality for 264 causes of death, 1980–2016: A
systematic analysis for the Global Burden of Disease Study 2016. Lancet 2017, 390, 1151–1210.

2. Kalantar-Zadeh, K.; Fouque, D. Nutritional management of chronic kidney disease. N. Engl. J. Med. 2017, 377, 1765–
1776.

3. Wesson, D.E.; Simoni, J. Increased tissue acid mediates a progressive decline in the glomerular filtration rate of
animals with reduced nephron mass. Kidney Int. 2009, 75, 929–935.

4. Wesson, D.E.; Simoni, J. Acid retention during kidney failure induces endothelin and aldosterone production which lead
to progressive GFR decline, a situation ameliorated by alkali diet. Kidney Int. 2010, 78, 1128–1135.

5. Goraya, N.; Simoni, J.; Jo, C.; Wesson, D.E. Dietary acid reduction with fruits and vegetables or bicarbonate attenuates
kidney injury in patients with a moderately reduced glomerular filtration rate due to hypertensive nephropathy. Kidney
Int. 2012, 81, 86–93.

6. Goraya, N.; Simoni, J.; Jo, C.H.; Wesson, D.E. Treatment of metabolic acidosis in patients with stage 3 chronic kidney
disease with fruits and vegetables or oral bicarbonate reduces urine angiotensinogen and preserves glomerular
filtration rate. Kidney Int. 2014, 86, 1031–1038.

7. Jhee, J.H.; Kee, Y.K.; Park, S.; Kim, H.; Park, J.T.; Han, S.H.; Kang, S.W.; Yoo, T.H. High-protein diet with renal
hyperfiltration is associated with rapid decline rate of renal function: A community-based prospective cohort study.
Nephrol. Dial. Transpl. 2020, 35, 98–106.

8. Seney, F.D., Jr.; Wright, F.S. Dietary protein suppresses feedback control of glomerular filtration in rats. J. Clin. Investig.
1985, 75, 558–568.

9. Helal, I.; Fick-Brosnahan, G.M.; Reed-Gitomer, B.; Schrier, R.W. Glomerular hyperfiltration: Definitions, mechanisms
and clinical implications. Nat. Rev. Nephrol. 2012, 8, 293–300.

10. Hostetter, T.H.; Olson, J.L.; Rennke, H.G.; Venkatachalam, M.A.; Brenner, B.M. Hyperfiltration in remnant nephrons: A
potentially adverse response to renal ablation. Am. J. Physiol. Ren. Physiol. 1981, 241, F85–F93.

11. Melsom, T.; Stefansson, V.; Schei, J.; Solbu, M.; Jenssen, T.; Wilsgaard, T.; Eriksen, B.O. Association of increasing
GFR with change in albuminuria in the general population. Clin. J. Am. Soc. Nephrol. 2016, 11, 2186–2194.

12. Denic, A.; Lieske, J.C.; Chakkera, H.A.; Poggio, E.D.; Alexander, M.P.; Singh, P.; Kremers, W.K.; Lerman, L.O.; Rule,
A.D. The substantial loss of nephrons in healthy human kidneys with aging. J. Am. Soc. Nephrol. 2017, 28, 313–320.

[38]



13. Denic, A.; Mathew, J.; Lerman, L.O.; Lieske, J.C.; Larson, J.J.; Alexander, M.P.; Poggio, E.; Glassock, R.J.; Rule, A.D.
Single-nephron glomerular filtration rate in healthy adults. N. Engl. J. Med. 2017, 376, 2349–2357.

14. Kanzaki, G.; Puelles, V.G.; Cullen-McEwen, L.A.; Hoy, W.E.; Okabayashi, Y.; Tsuboi, N.; Shimizu, A.; Denton, K.M.;
Hughson, M.D.; Yokoo, T.; et al. New insights on glomerular hyperfiltration: A Japanese autopsy study. Jci Insight 2017,
2, 19.

15. Sasaki, T.; Tsuboi, N.; Kanzaki, G.; Haruhara, K.; Okabayashi, Y.; Koike, K.; Kobayashi, A.; Yamamoto, I.; Ogura, M.;
Hoy, W.E.; et al. Biopsy-based estimation of total nephron number in Japanese living kidney donors. Clin. Exp.
Nephrol. 2019, 23, 629–637.

16. Cullen-McEwen, L.; Douglas-Denton, R.; Bertram, J. Estimating total nephron number in the adult kidney using the
physical disector/fractionator combination. Methods Mol. Biol. 2012, 886, 333–350.

17. Baylis, C. Effect of amino acid infusion as an index of renal vasodilatory capacity in pregnant rats. Am. J. Physiol. Ren.
Physiol. 1988, 254, F650–F656.

18. Meyer, T.W.; Ichikawa, I.; Zatz, R.; Brenner, B.M. The renal hemodynamic response to amino acid infusion in the rat.
Trans. Assoc. Am. Physicians 1983, 96, 76–83.

19. Woods, L.L.; DeYoung, D.R.; Smith, B.E. Regulation of renal hemodynamics after protein feeding: Effects of loop
diuretics. Am. J. Physiol. Ren. Physiol. 1991, 261, F815–F823.

20. Yao, B.; Xu, J.; Qi, Z.; Harris, R.C.; Zhang, M.-Z. Role of renal cortical cyclooxygenase-2 expression in hyperfiltration in
rats with high-protein intake. Am. J. Physiol. Ren. Physiol. 2006, 291, F368–F374.

21. Seney, F.D.J.; Persson, E.G.; Wright, F.S. Modification of tubuloglomerular feedback signal by dietary protein. Am. J.
Physiol. Ren. Physiol. 1987, 252, F83–F90.

22. Thomson, S.C.; Vallon, V.; Blantz, R.C. Kidney function in early diabetes: The tubular hypothesis of glomerular filtration.
Am. J. Physiol. Ren. Physiol. 2004, 286, F8–F15.

23. Wei, J.; Zhang, J.; Jiang, S.; Wang, L.; Persson, A.E.G.; Liu, R. High-protein diet–induced glomerular hyperfiltration is
dependent on neuronal nitric oxide synthase β in the macula densa via tubuloglomerular feedback response.
Hypertension 2019, 74, 864–871.

24. Gonska, T.; Hirsch, J.R.; Schlatter, E. Amino acid transport in the renal proximal tubule. Amino Acids 2000, 19, 395–
407.

25. Navar, L.G. Renal autoregulation: Perspectives from whole kidney and single nephron studies. Am. J. Physiol. Ren.
Physiol. 1978, 234, F357–F370.

26. Sallstrom, J.; Carlstrom, M.; Olerud, J.; Fredholm, B.B.; Kouzmine, M.; Sandler, S.; Persson, A.E. High-protein-induced
glomerular hyperfiltration is independent of the tubuloglomerular feedback mechanism and nitric oxide synthases. Am.
J. Physiol Regul. Integr. Comp. Physiol. 2010, 299, 1263–1268.

27. Bankir, L.; Roussel, R.; Bouby, N. Protein- and diabetes-induced glomerular hyperfiltration: Role of glucagon,
vasopressin, and urea. Am. J. Physiol. Ren. Physiol. 2015, 309, 2–23.

28. Knepper, M.A.; Miranda, C.A. Urea channel inhibitors: A new functional class of aquaretics. Kidney Int. 2013, 83, 991–
993.

29. Martin, W.F.; Armstrong, L.E.; Rodriguez, N.R. Dietary protein intake and renal function. Nutr. Metab. 2005, 2, 25.

30. Fattah, H.; Layton, A.; Vallon, V. How do kidneys adapt to a deficit or loss in nephron number? Physiology 2019, 34,
189–197.

31. Ko, G.J.; Obi, Y.; Tortorici, A.R.; Kalantar-Zadeh, K. Dietary protein intake and chronic kidney disease. Curr. Opin. Clin.
Nutr. Metab. Care 2017, 20, 77–85.

32. Friedman, A.N. High-protein diets: Potential effects on the kidney in renal health and disease. Am. J. Kidney Dis. 2004,
44, 950–962.

33. Kistler, B.M.; Moore, L.W.; Benner, D.; Biruete, A.; Boaz, M.; Brunori, G.; Chen, J.; Drechsler, C.; Guebre-Egziabher, F.;
Hensley, M.K.; et al. The International Society of Renal Nutrition and Metabolism Commentary on the National Kidney
Foundation and Academy of Nutrition and Dietetics KDOQI clinical practice guideline for nutrition in chronic kidney
disease. J. Ren. Nutr. 2020, 20, S1051–S2276.

34. Zhang, X.; Rule, A.D.; McCulloch, C.E.; Lieske, J.C.; Ku, E.; Hsu, C.Y. Tubular secretion of creatinine and kidney
function: An observational study. Bmc Nephrol. 2020, 21, 108.

35. Matsuo, S.; Imai, E.; Horio, M.; Yasuda, Y.; Tomita, K.; Nitta, K.; Yamagata, K.; Tomino, Y.; Yokoyama, H.; Hishida, A.; et
al. Revised equations for estimated GFR from serum creatinine in Japan. Am. J. Kidney Dis. 2009, 53, 982–992.



36. Ritz, E.; Koleganova, N.; Piecha, G. Role of sodium intake in the progression of chronic kidney disease. J. Ren. Nutr.
2009, 19, 61–62.

37. Parmer, R.J.; Stone, R.A.; Cervenka, J.H. Renal hemodynamics in essential hypertension. Racial differences in
response to changes in dietary sodium. Hypertension 1994, 24, 752–757.

38. Sasaki, T.; Tsuboi, N.; Okabayashi, Y.; Haruhara, K.; Kanzaki, G.; Koike, K.; Kobayashi, A.; Yamamoto, I.; Takahashi,
S.; Ninomiya, T.; et al. Estimation of nephron number in living humans by combining unenhanced computed
tomography with biopsy-based stereology. Sci. Rep. 2019, 9, 14400.

Retrieved from https://encyclopedia.pub/entry/history/show/4193


