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Background: While plant protein has been suggested to offer renoprotective

benefits, the optimal proportion of dietary plant protein and its relationship

with outcomes across different stages of chronic kidney disease (CKD)

remains unclear.

Methods: Using data from the National Health and Nutrition Examination

Survey (NHANES), we examined the association between plant protein ratio

and estimated glomerular filtration rate (eGFR) across CKD stages. Plant

protein ratio was categorized as low (< 33%), medium (33%–66%), and high

(≥ 66%). Multiple imputation was performed for missing data. Weighted linear

regression models were used to analyze plant protein ratio-eGFR associations,

while Cox proportional hazards models assessed mortality risk. Dose-response

relationships were evaluated using restricted cubic splines.

Results: Among 16,163 participants, distinct patterns emerged across CKD

stages. In Non-CKD, high plant protein ratio was associated with significantly

higher eGFR compared to low plant protein ratio (β = 0.790, P = 0.039).

In CKD G4, medium plant protein ratio showed significantly higher eGFR

(β = 1.791, P = 0.025) compared to low plant protein ratio. For mortality risk,

CKD G3 patients with medium plant protein ratio demonstrated significantly

lower risk (HR = 0.67, 95% CI: 0.44–1.00, P = 0.047) compared to low

plant protein ratio. Dose-response analyses revealed stage-specific patterns:

U-shaped relationships in early CKD, transitioning to inverted U-shaped and

J-shaped patterns in advanced stages.

Conclusion: The association between plant protein ratio and outcomes

varies across CKD stages, suggesting the need for stage-specific dietary

recommendations. While moderate plant protein intake might be beneficial in

early CKD, our findings in advanced stages were largely non-significant and

require confirmation in larger studies before clinical recommendations can be

made. These findings support a more nuanced approach to dietary protein

source management in CKD, though further prospective studies are needed to

confirm these associations.
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Introduction

Chronic kidney disease affects approximately 10% of the
global population and is a leading cause of morbidity and
mortality worldwide, with projections indicating a 30% increase in
prevalence by 2040 (1). Dietary management, particularly protein
intake optimization, remains a cornerstone of CKD care to delay
disease progression and mitigate complications. Current guidelines
from the Kidney Disease: Improving Global Outcomes (KDIGO)
recommend limiting protein intake to 0.6–0.8 g/kg/day for
advanced CKD patients (2). However, emerging evidence suggests
that protein source–specifically plant versus animal origin–may
exert differential effects on renal outcomes (3–5). Plant-based
proteins are hypothesized to reduce uremic toxin production,
improve acid-base balance, and lower phosphorus load, potentially
offering renoprotective advantages (6–8).

The potential benefits of plant-based diets in nephrology
have been demonstrated by several recent studies. A 2024 meta-
analysis of 18 randomized controlled trials revealed that soy
protein intake showed protective effects against hyperlipidemia
and proteinuria in CKD patients (9). Furthermore, a prospective
cohort study found that higher plant protein intake was associated
with a 71% lower odds of incident CKD (OR = 0.29, 95%
CI: 0.15–0.55), independent of total protein consumption (10).
The ARIC study (Atherosclerosis Risk in Communities) provided
additional evidence by demonstrating differential associations
between protein sources and CKD risk: while red and processed
meat consumption increased CKD risk, nuts, low-fat dairy
products, and legumes showed protective effects (11).

While previous studies have provided valuable insights into
protein intake and CKD outcomes, several critical knowledge
gaps remain that limit clinical translation. Existing research has
primarily focused on absolute protein intake rather than the
proportion of plant-to-animal protein sources, which may be
more clinically relevant for dietary counseling. For instance, a
multicohort analysis demonstrated protective effects for both plant
and animal protein against CKD progression (per 0.2 g/kg/d
increment: HR = 0.80 for plant protein vs. HR = 0.88 for animal
protein) (12), and a comprehensive meta-analysis of 148,051
participants showed inverse associations with CKD incidence for
total protein (RR = 0.82), plant protein (RR = 0.77), and animal
protein (RR = 0.86) (13). However, these studies did not address the
optimal balance between protein sources or examine stage-specific
effects across the CKD spectrum.

Most importantly, no previous study has systematically
examined how plant protein ratio affects both renal function
and mortality outcomes across different CKD stages using dose-
response analyses. This represents a significant gap in our
understanding, as the metabolic demands, protein utilization
efficiency, and cardiovascular risk profiles vary substantially
across CKD stages. Furthermore, while absolute protein intake
recommendations exist for CKD patients, evidence-based guidance
on the optimal proportion of plant versus animal protein sources
remains lacking, particularly for different disease stages. The
National Health and Nutrition Examination Survey (NHANES)
provides a unique opportunity to investigate these relationships in
a nationally representative sample. This study aims to investigate
the association between plant protein ratio and renal function

across different CKD stages, while also examining dose-response
relationships and mortality risk.

Materials and methods

Study population and data collection

This cross-sectional study utilized data from the NHANES
database, employing a multistage stratified sampling design to
investigate the association between plant-based protein proportion
and renal function [measured by estimated glomerular filtration
rate (eGFR)] in CKD patients. Implemented Multiple Imputation
by Chained Equations with predictive mean matching for key
variables, generating 5 imputed datasets (percentage of missing data
see Supplementary Figure 1).

Dietary assessment

Dietary data were collected through 24-h dietary recalls
administered by trained interviewers using the USDA’s Automated
Multiple-Pass Method. The first recall was conducted in-person,
and the second recall was completed via telephone 3–10 days
later. Protein intake was categorized into plant and animal sources
based on food codes. Protein sources were classified using dietary
recall data, with plant protein ratio defined as the percentage
of plant-based protein (legumes, nuts, seeds, and grains; for a
comprehensive list of plant protein source classifications, see
Supplementary Figure 2) relative to total protein intake, categorized
into three groups: low (< 33%), medium (33%–66%), and high
(≥ 66%). Total energy intake was calculated as kilocalories per day.

Laboratory measurements

Blood samples were collected after an overnight fast of at
least 8 h. All laboratory tests were performed at Collaborative
Laboratory Services (Ottumwa, Iowa) using a Beckman Colter
DxC800 analyzer. eGFR was calculated using the CKD-EPI
equation: eGFR = 141 × min(Scr/κ, 1)α × max(Scr/κ, 1)
−1.209 × 0.993Age × 1.018[if female] × 1.159[if black] where Scr
is serum creatinine, κ is 0.7 for females and 0.9 for males, and α is
−0.329 for females and −0.411 for males.

Statistical analysis

Weighted linear regression models accounting for complex
survey design were employed to analyze the association between
plant protein ratio and eGFR in CKD patients. For this analysis,
plant protein ratio was categorized into three groups: low (< 33%),
medium (33%–66%), and high (≥ 66%), with the low group serving
as the reference. Results are reported as β coefficients and 95%
confidence intervals (CIs).
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Cox proportional hazards models were used to assess the
association between plant protein ratio and mortality risk in CKD
patients. The same categorization of plant protein ratio was applied
(low, medium, and high groups). The models incorporated survival
time (follow-up duration) and death status as outcome variables,
with results reported as hazard ratios (HRs) and 95% CIs.

The dose-response relationships between plant protein
proportion and both eGFR and all-cause mortality across CKD
stages were evaluated using restricted cubic splines (RCS) with
three knots. Plant protein proportion was treated as a continuous
variable (0%–100%) with extreme values Winsorized at the 1st
and 99th percentiles. For each CKD stage, we accounted for the
complex survey design of NHANES by incorporating stratification
variables, clustering units, and sampling weights. Three separate
generalized linear models were fitted across imputed datasets
using the svyglm function from the survey package. Non-linear
relationships were modeled using restricted cubic splines with
knot locations determined by Harrell’s recommended percentiles
(10%, 50%, 90%). Non-linearity was tested through likelihood ratio
tests comparing models with linear terms against those containing
spline components. The proportional hazards assumption was
verified using Schoenfeld residuals. Adjusted predictions were
generated across the plant protein spectrum (1%–100%) while
holding covariates at referent values: male gender, white ethnicity,
median age, median Body Mass Index (BMI), and median energy
intake. 95% CIs were calculated using Rubin’s rules for multiple
imputation pooling.

To account for disease heterogeneity, separate models were
constructed for different CKD stages (Non-CKD, G2-G5). All
models were adjusted for potential confounders including age
(continuous), sex (categorical), race/ethnicity (categorical), BMI
(continuous), total energy intake (continuous, kcal/day), and
blood glucose (continuous, mg/dL). To account for NHANES’
complex survey design, appropriate survey weights, strata, and
cluster variables were incorporated into all analyses. The weighted
estimates are representative of the non-institutionalized US
civilian population.

Statistical significance was set at P < 0.05. All analyses were
performed using R version 4.1.0 (R Foundation for Statistical
Computing, Vienna, Austria) with the following packages: mice
for multiple imputation, survey for complex survey analysis, and
ggplot2 for visualization.

Results

Baseline characteristics of study
participants

The study population comprised 16,163 participants
distributed across different CKD stages (Figure 1A). In the
Non-CKD group (n = 8,645), 40.9% consumed low plant protein,
37.4% medium plant protein, and 21.7% high plant protein.
Similar distribution patterns were observed in CKD G2 (n = 5,051)
with 45.2%, 36.5%, and 18.3%, respectively. The proportion of
participants gradually decreased in advanced CKD stages, with
CKD G5 having the smallest sample size (n = 61).

The relationship between plant protein ratio and eGFR
varied across CKD stages (Figure 1B). In the Non-CKD group,
eGFR levels were comparable among different plant protein
ratios (low: 118.3 ± 19.0, medium: 118.5 ± 18.9, high:
118.9 ± 18.9 ml/min/1.73 m2; p = 0.422). In CKD G2, participants
with high plant protein ratio demonstrated significantly higher
eGFR compared to other groups (76.1 ± 8.6 vs. 75.1 ± 8.6 vs.
75.2 ± 8.8 ml/min/1.73 m2; p = 0.007), with post hoc analysis
confirming differences between high vs. low (p = 0.0067) and high
vs. medium (p = 0.0216) groups.

No significant differences were observed in CKD G3 (low:
49.7 ± 7.6, medium: 49.2 ± 8.0, high: 49.6 ± 7.7 ml/min/1.73 m2;
p = 0.574). However, in CKD G4, both medium and high
plant protein groups showed significantly higher eGFR compared
to the low plant protein group (25.6 ± 3.6 vs. 25.5 ± 3.1
vs. 23.9 ± 3.8 ml/min/1.73 m2; p = 0.013). Similarly, CKD
G5 demonstrated a significant association (p = 0.025), with an
ascending trend in eGFR across plant protein ratios (low: 7.7 ± 3.7,
medium: 10.0 ± 3.6, high: 10.6 ± 3.4 ml/min/1.73 m2).

Age distribution showed an increasing trend with CKD
progression, ranging from 42.5 ± 16.5 years in Non-CKD to
72.5 ± 10.1 years in CKD G4. BMI remained relatively stable across
groups (range: 27.9–32.8), with the highest values observed in the
high plant protein group of CKD G4 (32.8 ± 6.8) and lowest in the
medium plant protein group of CKD G5 (27.9 ± 7.5).

The proportion of participants consuming high plant protein
(≥ 66%) decreased with advancing CKD stages, from 21.7%
in Non-CKD to 18.0% in CKD G5. This trend was consistent
across all CKD stages, with the lowest proportion observed in
CKD G4 (11.2%).

Association between plant protein ratio
and eGFR in CKD patients

After adjusting for potential confounders using weighted linear
regression models that accounted for complex survey design, the
association between plant protein ratio and eGFR showed stage-
specific patterns. In the Non-CKD group (Supplementary Figure 3),
Participants with a high plant protein ratio (≥ 66%) demonstrated
a statistically significant increase in eGFR compared to the low
ratio group (< 33%) (β = 0.79, P = 0.039). However, no significant
difference was observed between the medium (33%–66%) and low
ratio groups (β = 0.333, P = 0.359).

In CKD G2 (Figure 2A), no significant association was
observed between high plant protein ratio and eGFR (β = 0.852,
P = 0.113)., while the medium ratio showed no association with
eGFR (β = −0.068, P = 0.872). Notably, female gender (β = 10.943,
P < 0.001) and younger age (β = −0.18 per year, P < 0.001) were
significantly associated with higher eGFR in this stage.

For CKD G3 (Figure 2B), no statistically significant associations
were observed between plant protein ratio and eGFR (medium:
β = −0.155, P = 0.681; high: β = −0.495, P = 0.445). Key predictors
included female gender (β = 1.777, P = 0.007) and lower blood
glucose levels (β = −0.018 per mg/dL, P < 0.001).

In CKD G4 (Figure 2C), the medium plant protein ratio was
significantly associated with higher eGFR (β = 1.791, P = 0.025),
whereas the high ratio group showed no significant effect
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FIGURE 1

Plant protein intake patterns and renal function stratification: distribution of eGFR and population characteristics across chronic kidney disease
stages.

(β = −0.508, P = 0.758). A paradoxical positive association between
age and eGFR was observed (β = 0.135 per year, P = 0.005),
potentially reflecting survival bias in advanced CKD.

For CKD G5 (Figure 2D), no statistically significant
associations were observed between plant protein ratio and
eGFR (medium: β = 2.843, P = 0.112; high: β = 2.583, P = 0.189).
Racial/ethnic disparities were prominent, with Other Hispanic
(β = −5.145), Asian (β = −6.420), and Black (β = −3.960)
participants exhibiting lower eGFR compared to the reference
group (White), though statistical significance was not reported.

Association between plant protein ratio
and mortality risk in CKD patients

In the analysis of all-cause mortality using Cox proportional
hazards models, the association between plant protein ratio and
mortality risk varied across CKD stages. In the Non-CKD group
(Supplementary Figure 4), neither medium (HR = 1.29, 95% CI:
0.75–2.22, p = 0.349) nor high plant protein ratio (HR = 1.46,
95% CI: 0.83–2.54, p = 0.188) showed significant associations
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FIGURE 2

Association between plant protein ratio and eGFR in CKD (G2-G5) patients.

with mortality risk. However, age (HR = 1.05, 95% CI: 1.04–
1.07, p < 0.001) and race/ethnicity were significant predictors of
mortality in this group.

For CKD G2 patients (Figure 3A), plant protein ratio showed
no significant association with mortality risk (medium: HR = 1.20,
95% CI: 0.81–1.76, p = 0.366; high: HR = 1.01, 95% CI: 0.57–
1.80, p = 0.960). Asian race showed a protective effect against
mortality (HR = 0.32, 95% CI: 0.10–0.96, p = 0.042), while age
(HR = 1.08, 95% CI: 1.06–1.10, p < 0.001) and blood glucose levels
(HR = 1.01, 95% CI: 1.00–1.01, p = 0.003) were associated with
increased mortality risk.

In CKD G3 (Figure 3B), medium plant protein ratio was
associated with a borderline significant reduction in mortality risk
(HR = 0.67, 95% CI: 0.44–1.00, p = 0.047) compared to low plant
protein ratio. No statistically significant association was observed
for the high plant protein ratio group (HR = 0.67, 95% CI: 0.41–1.1,
p = 0.113). Female gender was associated with increased mortality
risk (HR = 2.18, 95% CI: 1.38–3.46, p = 0.001), while Other
Hispanic (HR = 0.38, 95% CI: 0.16–0.86, p = 0.021) and White race
(HR = 0.59, 95% CI: 0.37–0.95, p = 0.030) showed protective effects.

For CKD G4 (Figure 3C), high plant protein ratio was
associated with significantly increased mortality risk (HR = 3.10,
95% CI: 1.15–8.31, p = 0.025), while medium plant protein ratio
showed no significant association (HR = 0.55, 95% CI: 0.20–1.50,
p = 0.246). Age (HR = 1.16, 95% CI: 1.05–1.27, p = 0.002) and
Other race category (HR = 10.93, 95% CI: 2.77–43.16, p = 0.001)
were associated with increased mortality risk.

In CKD G5 (Figure 3D), no statistically significant associations
were observed between plant protein ratio and mortality risk

(medium: HR = 0.46, 95% CI: 0.13–1.56, p = 0.21; high: HR = 0.09,
95% CI: 0.00–26.59, p = 0.406). Other Hispanic ethnicity showed a
protective effect (HR = 0.57, 95% CI: 0.45–0.68, p = 0.003), while
age remained a significant predictor of mortality (HR = 1.08, 95%
CI: 1.00–1.17, p = 0.042).

Dose-response relationship between
plant protein ratio and eGFR in different
CKD stages

Our analysis revealed distinct patterns in the dose-response
relationship between plant protein ratio and eGFR across CKD
stages (Figure 4). In the Non-CKD group, the relationship
demonstrated a U-shaped curve, with the lowest eGFR
(90.66 mL/min/1.73 m2) observed at a plant protein ratio of
0.34, while the highest eGFR (91.84 mL/min/1.73 m2) was
recorded at a plant protein ratio of 1.00. For CKD G2, similar to
Non-CKD group, the lowest eGFR (72.15 mL/min/1.73 m2) was
observed at a plant protein ratio of 0.31, and the highest eGFR
(73.41 mL/min/1.73 m2) was found at a plant protein ratio of
1.00.

In CKD G3, the relationship exhibited an M-shaped curve. The
lowest eGFR (49.47 mL/min/1.73 m2) occurred at a plant protein
ratio of 0.78, while the highest eGFR (50.15 mL/min/1.73 m2)
was observed at a plant protein ratio of 0.35. For CKD G4, we
observed an inverted U-shaped curve. The eGFR reached its peak
(25.60 mL/min/1.73 m2) at a plant protein ratio of 0.57, while
the lowest eGFR (22.38 mL/min/1.73 m2) was found at a plant
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FIGURE 3

Association between plant protein ratio and mortality risk in CKD (G2-G5) patients. Results for CKD G5 should be interpreted with extreme caution
due to small sample size (n = 61) and wide confidence intervals.

protein ratio of 1.00. In CKD G5, the dose-response relationship
demonstrated a clear U-shaped curve, with the lowest eGFR
(7.15 mL/min/1.73 m2) at a plant protein ratio of 0.25. The highest
eGFR (12.98 mL/min/1.73 m2) was observed at a plant protein
ratio of 0.72. These findings suggest that the optimal plant protein
ratio varies across different CKD stages, with distinct patterns of
association observed at each stage.

Dose-response relationship between
plant protein ratio and eGFR or all-cause
mortality across CKD stages

The dose-response relationship between plant protein ratio
and all-cause mortality varied significantly across different CKD
stages (Figure 5). In the Non-CKD group, we observed a U-shaped
relationship. The lowest mortality risk (HR = 2.49, 95% CI: 1.41–
4.41) was observed at a plant protein ratio of 0.33. The mortality
risk increased gradually both below and above this point, reaching
HR = 4.30 (95% CI: 2.04–9.07) at a plant protein ratio of 1.00.

For CKD G2, the relationship demonstrated a relatively flat curve.
The lowest mortality risk (HR = 1.51, 95% CI: 0.87–2.62) occurred
at a plant protein ratio of 0.57, with minimal variations across
different ratios. Even at the highest plant protein ratio of 1.00, the
HR only slightly increased to 1.51 (95% CI: 0.76–3.02). In CKD G3,
we observed an inverse U-shaped relationship. The mortality risk
decreased as plant protein ratio increased up to 0.56, reaching its
lowest point (HR = 0.62, 95% CI: 0.38–1.01), then showed a slight
increase. At a plant protein ratio of 1.00, the HR was 0.69 (95%
CI: 0.33–1.44). For CKD G4, the relationship showed a J-shaped
curve. The lowest mortality risk (HR = 1.01, 95% CI: 0.30–3.37)
was observed at a plant protein ratio of 0.25. Beyond this point,
the mortality risk increased dramatically, reaching HR = 7.80 (95%
CI: 1.13–54.09) at a plant protein ratio of 1.00. Due to the limited
sample size in CKD G5 which prevented independent modeling,
and considering the similar clinical characteristics and dietary
management strategies in advanced CKD stages, we combined
CKD G4 and G5 for a more robust analysis. For advanced CKD
(G4-5), the relationship showed a J-shaped curve (Supplementary
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FIGURE 4

Dose-response relationship between plant protein ratio and eGFR across CKD stages. Results for CKD G5 should be interpreted with extreme
caution due to small sample size (n = 61) and wide confidence intervals.

Figure 5). The lowest mortality risk (HR = 0.97, 95% CI: 0.38–

2.47) was observed at a plant protein ratio of 0.31. Beyond this

point, the mortality risk increased dramatically, reaching HR = 1.65

(95% CI: 0.2–13.56) at a plant protein ratio of 1.00. These findings

suggest that the optimal plant protein ratio for mortality risk

varies across CKD stages, with moderate plant protein intake
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FIGURE 5

Dose-response relationship between plant protein ratio and all-cause mortality across CKD stages.

generally associated with better survival outcomes in most stages.
The relationship becomes more pronounced in advanced CKD
stages, particularly in advanced CKD.

Discussion

Dietary protein management in CKD requires careful
consideration of both quantity and source. Plant-based proteins
may offer advantages over animal proteins through multiple
mechanisms, including lower acid load, different amino acid
profiles, reduced uremic toxin generation, and lower saturated
fat content. Additionally, plant-based diets typically provide
higher fiber content and generate fewer advanced glycation
end-products (14, 15). There are no one-size fits all nutrition
prescriptions. Rather than adopting a universal approach, dietary
recommendations should be tailored to individual patients based
on their CKD stage, metabolic status, and specific cardiovascular
risk factors (16). This personalized approach becomes particularly
crucial as kidney function declines, where the balance between
adequate nutrition and disease management becomes increasingly
complex (17).

Our study provides novel insights into the stage-specific
associations between plant protein ratio and both renal function
and mortality in CKD patients. The key findings demonstrate that:
(1) the relationship between plant protein ratio and eGFR exhibits
distinct patterns across CKD stages, though statistical significance
was limited to specific stage-ratio combinations; (2) optimal plant
protein ratio ranges may vary by CKD stage, but confidence
intervals were often wide, particularly in advanced stages; and (3)
most associations between plant protein ratio and mortality risk did
not reach statistical significance across CKD stages, with only CKD
G3 medium plant protein ratio showing a borderline significant
protective effect (p = 0.047) and CKD G4 high plant protein ratio
showing increased risk (p = 0.025).

In early CKD stages (Non-CKD and G2), we observed a
U-shaped relationship between plant protein ratio and eGFR, with
lowest eGFR around 33%. This finding aligns with the physiological
benefits of plant protein in early kidney disease, likely mediated
through reduced acid load and inflammatory modulation (18–
20). The improved eGFR associated with moderate plant protein
intake may reflect the combined benefits of lower phosphorus
bioavailability and reduced uremic toxin production compared to
animal protein sources, while still maintaining adequate essential
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amino acid intake (21). However, the diminishing benefits at very
high plant protein ratio (> 66%) suggest potential limitations of
exclusive plant protein reliance, possibly due to reduced protein
efficiency or micronutrient bioavailability.

For CKD G3, our analysis found no significant associations
between plant protein ratio and eGFR. However, in terms of
mortality risk, medium plant protein ratio (33%–66%) was
associated with significantly lower risk compared to low plant
protein ratio. A similar protective trend was observed in the high
plant protein ratio group, though this did not reach statistical
significance. These findings suggest that moderate plant protein
intake might be beneficial for survival in CKD G3 patients, though
the borderline significance and relatively wide CIs indicate the need
for larger studies to confirm these observations. This stage-specific
pattern adds to our understanding of how protein source effects
may vary across different phases of kidney disease.

In CKD G4, we observed that medium plant protein ratio was
significantly associated with higher eGFR compared to low plant
protein ratio. However, the relationship with mortality was more
complex. While our analysis suggested increased mortality risk
with high plant protein ratio, the wide CIs and limited sample
size in advanced CKD stages warrant cautious interpretation of
these findings. Several potential mechanisms might explain these
observations, including: (1) protein-energy wasting concerns in
advanced CKD; (2) possible reduced protein utilization efficiency
in severe kidney dysfunction; and (3) the inherently different
nutritional profiles of plant versus animal proteins (22–25).

For CKD G5, although we observed numerical differences
in eGFR across plant protein ratio groups, the small sample
size limited our ability to draw firm conclusions. The mortality
analyses in this group were similarly limited by sample size and
statistical power.

These findings have potential implications for dietary
management across the CKD spectrum, though additional research
is needed to establish definitive recommendations. For early-
stage patients (G1-3), moderate plant protein intake might be
considered as part of overall dietary management (26). However,
in advanced CKD (G4-5), our results suggest the need for careful
individualization of protein sources, with close monitoring of
nutritional status. We recommend regular monitoring of key
nutritional biomarkers in advanced CKD patients consuming
plant-based diets, including: serum albumin and prealbumin,
nitrogen balance, inflammatory markers such as C-reactive
protein, anthropometric measures, functional assessments, and
uremic toxin levels. Additionally, phosphorus and potassium
monitoring is essential given the typically higher mineral content
of plant-based proteins.

The observed relationships in our study may help inform
future research directions, though they should not be viewed as
definitive guidelines. We suggest regular monitoring of nutritional
status, particularly in advanced CKD patients consuming high-
plant protein diets. Key indicators might include serum albumin,
prealbumin, and nitrogen balance, alongside traditional markers of
kidney function (27).

The paradoxical positive association between age and eGFR
in CKD G4 likely reflects survival bias inherent to cross-sectional
study design in advanced CKD populations. Older patients who
reach CKD G4 represent a highly selected survivor population
with potentially protective characteristics, while younger CKD G4

patients may represent more aggressive disease phenotypes with
faster progression rates, resulting in lower eGFR values within
the G4 range. Additionally, older patients may be diagnosed
earlier in the G4 stage due to more frequent medical monitoring,
whereas younger patients might be identified later when eGFR has
declined further. This counterintuitive relationship underscores
the importance of interpreting our CKD G4 results with
particular caution and emphasizes the critical need for prospective
longitudinal studies to establish true causal relationships between
age, dietary interventions, and kidney function in advanced CKD.

The racial disparities observed in our study warrant careful
consideration, as they reflect inequities in CKD burden and
outcomes. Our findings showed that Non-Hispanic Black and
Asian participants had consistently lower eGFR values across CKD
stages compared to Non-Hispanic White participants, even after
adjusting for traditional risk factors. This aligns with extensive
literature demonstrating that Black Americans have a 2.5-fold
higher cumulative incidence of kidney failure compared to White
Americans, largely driven by younger age at CKD onset and
higher progression rates (28). Among people with diabetes,
Native Hawaiian/Pacific Islander populations have the highest
CKD incidence rates (88.0 per 1,000 person-years), followed by
American Indian/Alaska Native (85.2), Black (74.3), Hispanic
(66.4), Asian (63.1), and White (47.3) populations, highlighting the
disproportionate burden across racial and ethnic minorities (29).
The differential effects of plant protein across racial groups may
reflect several interconnected factors. First, genetic variations in
protein metabolism and kidney disease susceptibility may modify
dietary responses, as evidenced by differences in APOL1 gene
variants that affect kidney disease risk predominantly in individuals
of African ancestry (30, 31). Second, socioeconomic disparities
significantly impact both food access and quality of plant protein
sources, with minority populations having reduced access to high-
quality plant proteins and greater reliance on processed foods (32,
33). Third, cultural dietary patterns differ substantially across racial
groups, with recent NHANES data demonstrating that Mexican-
American and other Hispanic females consume significantly higher
levels of legumes, while Non-Hispanic Asian females show higher
consumption of prudent foods including fruits, vegetables, and
whole grains, and Non-Hispanic White and Black females exhibit
higher consumption of cured meats, suggesting divergent baseline
protein intake patterns that may influence dietary intervention
responses (34). Fourth, the higher prevalence of diabetes and
hypertension in Black and Hispanic populations may modify
the relationship between dietary protein and kidney outcomes
(35, 36). Our finding that protective mortality effects were more
apparent in White and Other Hispanic participants may reflect
these complex interactions between race, diet quality, healthcare
access, and underlying disease burden. Importantly, research has
demonstrated that when people from different racial groups have
equal access to high-quality diabetes and CKD care, disparities
in kidney outcomes begin to disappear, as evidenced by the 54%
reduction in end-stage kidney disease rates among Alaska Native
and American Indian populations treated through comprehensive
community-based interventions (29). These disparities underscore
the critical need for culturally tailored nutritional interventions and
highlight how structural inequities in healthcare and food systems
may influence the effectiveness of dietary recommendations across
different populations.
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Several important limitations of our study must be
acknowledged. First, its cross-sectional design precludes causal
inference regarding plant protein ratio and outcomes. Second,
dietary data from 24-h recalls may not fully capture long-term
intake patterns or seasonal variations. Third, the relatively small
sample size in advanced CKD stages, particularly G5, substantially
limited our ability to draw conclusions about these populations.
Fourth, the choice of cut-points was data-driven based on tertile
distribution in our population rather than established clinical
guidelines. Future research should aim to establish evidence-based
thresholds for plant protein ratios that could inform clinical
practice guidelines for CKD management. Fifth, the interpretation
of our findings is further limited by the high degree of statistical
uncertainty in advanced CKD stages, as evidenced by wide CIs
that often spanned both protective and harmful effects. This
uncertainty, combined with small sample sizes, prevents definitive
conclusions about optimal plant protein ratios in CKD G4
and G5 patients. Additionally, while we adjusted for multiple
confounders, residual confounding from unmeasured variables
cannot be excluded.

Future research should prioritize prospective studies examining
the long-term impact of different plant protein ratios across CKD
stages. Particular attention should be paid to protein quality
metrics, amino acid profiles, and their interaction with disease
progression. Randomized controlled trials comparing isocaloric
diets with varying plant protein ratios in advanced CKD would help
establish causality and optimal ranges. Additionally, investigation
of potential effect modifiers such as age, comorbidities, and baseline
nutritional status could further refine dietary recommendations.

In conclusion, our findings suggest that the relationship
between plant protein intake and outcomes in CKD may vary
by disease stage, though many of these associations require
confirmation in larger, prospective studies. The results highlight
the complexity of protein source effects in CKD and support the
need for individualized approaches to dietary protein management.
Future research should focus on validating these findings in
prospective studies and clarifying the optimal role of plant protein
across different CKD stages.

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found here: https://www.cdc.gov/nchs/nhanes/.

Ethics statement

Ethical approval was not required for the study involving
humans in accordance with the local legislation and institutional
requirements. Written informed consent to participate in this study
was not required from the participants or the participants’ legal
guardians/next of kin in accordance with the national legislation
and the institutional requirements.

Author contributions

GW: Formal Analysis, Investigation, Methodology, Writing –
original draft, Writing – review and editing. QY: Data curation,
Investigation, Methodology, Writing – original draft. XZ:
Investigation, Methodology, Writing – original draft. MZ:
Investigation, Methodology, Writing – original draft. JZ:
Data curation, Investigation, Writing – original draft. HL:
Data curation, Investigation, Writing – original draft. JL:
Investigation, Methodology, Writing – review and editing.
DM: Conceptualization, Funding acquisition, Investigation,
Writing – review and editing. YX: Conceptualization, Supervision,
Validation, Writing – review and editing. KW: Conceptualization,
Data curation, Funding acquisition, Project administration,
Supervision, Writing – original draft, Writing – review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Research Start-up Fund Project of Affiliated Huaian No.1
People’s Hospital of Nanjing Medical University (GQ202313), and
Huaian Key Laboratory of Autoimmune Diseases (HAP202302).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.
1596836/full#supplementary-material

Frontiers in Nutrition 10 frontiersin.org

https://doi.org/10.3389/fnut.2025.1596836
https://www.cdc.gov/nchs/nhanes/
https://www.frontiersin.org/articles/10.3389/fnut.2025.1596836/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2025.1596836/full#supplementary-material
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-12-1596836 July 23, 2025 Time: 18:17 # 11

Wang et al. 10.3389/fnut.2025.1596836

References

1. GBD Chronic Kidney Disease Collaboration. Global, regional, and national
burden of chronic kidney disease, 1990-2017: a systematic analysis for the global
burden of disease study 2017. Lancet. (2020) 395:709–33. doi: 10.1016/S0140-
673630045-3

2. Kidney Disease: Improving Global Outcomes (KDIGO) Glomerular Diseases
Work Group. KDIGO 2021 clinical practice guideline for the management of
glomerular diseases. Kidney Int. (2021) 100:S1–276. doi: 10.1016/j.kint.2021.05.021

3. Kalantar-Zadeh K, Joshi S, Schlueter R, Cooke J, Brown-Tortorici A, Donnelly M,
et al. Plant-dominant low-protein diet for conservative management of chronic kidney
disease. Nutrients. (2020) 12:1931. doi: 10.3390/nu12071931

4. Joshi S, Shah S, Kalantar-Zadeh K. Adequacy of plant-based proteins in chronic
kidney disease. J Ren Nutr. (2019) 29:112–7. doi: 10.1053/j.jrn.2018.06.006

5. Adair K, Bowden R. Ameliorating chronic kidney disease using a whole food
plant-based diet. Nutrients. (2020) 12:1007. doi: 10.3390/nu12041007

6. Heo G, Koh H, Kim H, Kim K, Jung C, Kim H, et al. Association of plant protein
intake with risk of incident CKD: a UK Biobank study. Am J Kidney Dis. (2023)
82:687–97.e1. doi: 10.1053/j.ajkd.2023.05.007

7. Joshi S, McMacken M, Kalantar-Zadeh K. Plant-based diets for kidney disease: a
guide for clinicians.Am J Kidney Dis. (2021) 77:287–96. doi: 10.1053/j.ajkd.2020.10.003

8. Mocanu C, Simionescu T, Mocanu A, Garneata L. Plant-based versus animal-
based low protein diets in the management of chronic kidney disease. Nutrients. (2021)
13:3721. doi: 10.3390/nu13113721

9. Zhixiang Y, Yongxing X, Juan L, Qing Y, Yangyang L, Zhangrui Z, et al. The
effects of soy protein and soy isoflavones intake on chronic kidney disease: a systematic
review and meta-analysis. Int Urol Nephrol. (2024) 57:1533–53. doi: 10.1007/s11255-
024-04301-4

10. Alvirdizadeh S, Yuzbashian E, Mirmiran P, Eghtesadi S, Azizi F. A prospective
study on total protein, plant protein and animal protein in relation to the risk of
incident chronic kidney disease. BMC Nephrol. (2020) 21:489. doi: 10.1186/s12882-
020-02079-y

11. Haring B, Selvin E, Liang M, Coresh J, Grams M, Petruski-Ivleva N, et al.
Dietary protein sources and risk for incident chronic kidney disease: results from
the atherosclerosis risk in communities (ARIC) study. J Ren Nutr. (2017) 27:233–42.
doi: 10.1053/j.jrn.2016.11.004

12. Carballo-Casla A, Avesani C, Beridze G, Ortolá R, García-Esquinas E, Lopez-
Garcia E, et al. Protein intake and mortality in older adults with chronic kidney disease.
JAMA Netw Open. (2024) 7:e2426577. doi: 10.1001/jamanetworkopen.2024.26577

13. Cheng Y, Zheng G, Song Z, Zhang G, Rao X, Zeng T. Association between
dietary protein intake and risk of chronic kidney disease: a systematic review and
meta-analysis. Front Nutr. (2024) 11:1408424. doi: 10.3389/fnut.2024.1408424

14. Cigarrán Guldris S, Latorre Catalá J, Sanjurjo Amado A, Menéndez Granados
N, Piñeiro Varela E. Fibre intake in chronic kidney disease: what fibre should we
recommend? Nutrients. (2022) 14:4419. doi: 10.3390/nu14204419

15. Uribarri J, Woodruff S, Goodman S, Cai W, Chen X, Pyzik R, et al. Advanced
glycation end products in foods and a practical guide to their reduction in the diet. J
Am Diet Assoc. (2010) 110:911–16.e12. doi: 10.1016/j.jada.2010.03.018

16. Kelly J, Gonzalez-Ortiz A, St-Jules D, Carrero J. Animal protein intake and
possible cardiovascular risk in people with chronic kidney disease: mechanisms and
evidence. Adv Kidney Dis Health. (2023) 30:480–6. doi: 10.1053/j.akdh.2023.06.003

17. Narasaki Y, Siu M, Nguyen M, Kalantar-Zadeh K, Rhee C. Personalized
nutritional management in the transition from non-dialysis dependent chronic kidney
disease to dialysis. Kidney Res Clin Pract. (2024) 43:575–85. doi: 10.23876/j.krcp.23.142

18. Kwon Y, Park K, Lee J. Low-protein diet is inversely related to the incidence of
chronic kidney disease in middle-aged and older adults: results from a community-
based prospective cohort study. Eur J Nutr. (2022) 61:3795–807. doi: 10.1007/s00394-
022-02981-1

19. Letourneau P, Bataille S, Chauveau P, Fouque D, Koppe L. Source and
composition in amino acid of dietary proteins in the primary prevention and treatment
of CKD. Nutrients. (2020) 12:3892. doi: 10.3390/nu12123892

20. González-Ortiz A, Xu H, Avesani C, Lindholm B, Cederholm T, Risérus U, et al.
Plant-based diets, insulin sensitivity and inflammation in elderly men with chronic
kidney disease. J Nephrol. (2020) 33:1091–101. doi: 10.1007/s40620-020-00765-6

21. Kim H, Rebholz C. Plant-based diets for kidney disease prevention and
treatment. Curr Opin Nephrol Hypertens. (2024) 33:593–602. doi: 10.1097/MNH.
0000000000001015

22. Burstad K, Cladis D, Wiese G, Butler M, Hill Gallant K. Effects of plant-based
protein consumption on kidney function and mineral bone disorder outcomes in
adults with stage 3-5 chronic kidney disease: a systematic review. J Ren Nutr. (2023)
33:717–30. doi: 10.1053/j.jrn.2023.04.004

23. Shah L, Matheson M, Furth S, Schwartz G, Warady B, Wong C. Low variability
of plant protein intake in the CKiD cohort does not demonstrate changes in estimated
GFR nor electrolyte balance. Pediatr Nephrol. (2022) 37:1647–55. doi: 10.1007/s00467-
021-05334-y

24. Narasaki Y, Kalantar-Zadeh K, Rhee C, Brunori G, Zarantonello D. Vegetarian
nutrition in chronic kidney disease. Nutrients. (2023) 16:66. doi: 10.3390/nu16010066

25. Narasaki Y, Rhee C, Kalantar-Zadeh K, Rastegar M. Why protein-energy wasting
leads to faster progression of chronic kidney disease. Curr Opin Nephrol Hypertens.
(2025) 34:55–66. doi: 10.1097/MNH.0000000000001035

26. Verzola D, Picciotto D, Saio M, Aimasso F, Bruzzone F, Sukkar S, et al. Low
protein diets and plant-based low protein diets: do they meet protein requirements of
patients with chronic kidney disease?Nutrients. (2020) 13:83. doi: 10.3390/nu13010083

27. Chen X, Wei G, Jalili T, Metos J, Giri A, Cho M, et al. The associations of plant
protein intake with all-cause mortality in CKD. Am J Kidney Dis. (2016) 67:423–30.
doi: 10.1053/j.ajkd.2015.10.018

28. Yan G, Nee R, Scialla J, Greene T, Yu W, Heng F, et al. Role of age and competing
risk of death in the racial disparity of kidney failure incidence after onset of CKD. J Am
Soc Nephrol. (2024) 35:299–310. doi: 10.1681/ASN.0000000000000300

29. Schmidt C. Confronting racial and ethnic disparities in diabetic kidney disease.
Nature. (2023) 615:S8–9. doi: 10.1038/d41586-023-00651-8

30. Genovese G, Friedman D, Ross M, Lecordier L, Uzureau P, Freedman B, et al.
Association of trypanolytic ApoL1 variants with kidney disease in African Americans.
Science. (2010) 329:841–5. doi: 10.1126/science.1193032

31. Parsa A, Kao W, Xie D, Astor B, Li M, Hsu C, et al. APOL1 risk variants,
race, and progression of chronic kidney disease. N Engl J Med. (2013) 369:2183–96.
doi: 10.1056/NEJMoa1310345

32. Hilmers A, Hilmers D, Dave J. Neighborhood disparities in access to healthy
foods and their effects on environmental justice. Am J Public Health. (2012) 102:1644–
54. doi: 10.2105/AJPH.2012.300865

33. Hernández-Caravaca I, Martínez-García A, Trescastro-López E, Plaza-Gavaldón
Á, Martí-Cremades J, Moncho J. Influence of socioeconomic status on the retail
food environment in alicante. Nutrients. (2024) 16:4127. doi: 10.3390/nu1623
4127

34. Stephenson B, Willett W. Racial and ethnic heterogeneity in diets of low-
income adult females in the United States: results from national health and nutrition
examination surveys from 2011 to 2018. Am J Clin Nutr. (2023) 117:625–34. doi:
10.1016/j.ajcnut.2023.01.008

35. Muntner P, Hardy S, Fine L, Jaeger B, Wozniak G, Levitan E, et al. Trends in
blood pressure control among US adults with hypertension, 1999-2000 to 2017-2018.
JAMA. (2020) 324:1190–200. doi: 10.1001/jama.2020.14545

36. Menke A, Casagrande S, Geiss L, Cowie C. Prevalence of and trends in diabetes
among adults in the United States, 1988-2012. JAMA. (2015) 314:1021–9. doi: 10.1001/
jama.2015.10029

Frontiers in Nutrition 11 frontiersin.org

https://doi.org/10.3389/fnut.2025.1596836
https://doi.org/10.1016/S0140-673630045-3
https://doi.org/10.1016/S0140-673630045-3
https://doi.org/10.1016/j.kint.2021.05.021
https://doi.org/10.3390/nu12071931
https://doi.org/10.1053/j.jrn.2018.06.006
https://doi.org/10.3390/nu12041007
https://doi.org/10.1053/j.ajkd.2023.05.007
https://doi.org/10.1053/j.ajkd.2020.10.003
https://doi.org/10.3390/nu13113721
https://doi.org/10.1007/s11255-024-04301-4
https://doi.org/10.1007/s11255-024-04301-4
https://doi.org/10.1186/s12882-020-02079-y
https://doi.org/10.1186/s12882-020-02079-y
https://doi.org/10.1053/j.jrn.2016.11.004
https://doi.org/10.1001/jamanetworkopen.2024.26577
https://doi.org/10.3389/fnut.2024.1408424
https://doi.org/10.3390/nu14204419
https://doi.org/10.1016/j.jada.2010.03.018
https://doi.org/10.1053/j.akdh.2023.06.003
https://doi.org/10.23876/j.krcp.23.142
https://doi.org/10.1007/s00394-022-02981-1
https://doi.org/10.1007/s00394-022-02981-1
https://doi.org/10.3390/nu12123892
https://doi.org/10.1007/s40620-020-00765-6
https://doi.org/10.1097/MNH.0000000000001015
https://doi.org/10.1097/MNH.0000000000001015
https://doi.org/10.1053/j.jrn.2023.04.004
https://doi.org/10.1007/s00467-021-05334-y
https://doi.org/10.1007/s00467-021-05334-y
https://doi.org/10.3390/nu16010066
https://doi.org/10.1097/MNH.0000000000001035
https://doi.org/10.3390/nu13010083
https://doi.org/10.1053/j.ajkd.2015.10.018
https://doi.org/10.1681/ASN.0000000000000300
https://doi.org/10.1038/d41586-023-00651-8
https://doi.org/10.1126/science.1193032
https://doi.org/10.1056/NEJMoa1310345
https://doi.org/10.2105/AJPH.2012.300865
https://doi.org/10.3390/nu16234127
https://doi.org/10.3390/nu16234127
https://doi.org/10.1016/j.ajcnut.2023.01.008
https://doi.org/10.1016/j.ajcnut.2023.01.008
https://doi.org/10.1001/jama.2020.14545
https://doi.org/10.1001/jama.2015.10029
https://doi.org/10.1001/jama.2015.10029
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Differential effects of plant protein ratio on renal function and mortality across CKD stages
	Introduction
	Materials and methods
	Study population and data collection
	Dietary assessment
	Laboratory measurements
	Statistical analysis

	Results
	Baseline characteristics of study participants
	Association between plant protein ratio and eGFR in CKD patients
	Association between plant protein ratio and mortality risk in CKD patients
	Dose-response relationship between plant protein ratio and eGFR in different CKD stages
	Dose-response relationship between plant protein ratio and eGFR or all-cause mortality across CKD stages

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


	Button1: 
	Button2: 
	Button3: 
	Button4: 
	Button5: 


