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Introduction: Diabetic nephropathy (DN), a common complication of type 2 
diabetes (T2D), is characterized by declining kidney function and an increased 
risk of end-stage kidney disease (ESKD). Slowing the decline in estimated 
glomerular filtration rate (eGFR) significantly reduces ESKD risk. While 
pharmacological treatments, such as SGLT2i, have demonstrated renoprotective 
effects, emerging evidence suggests that low-grade ketosis may mediate these 
benefits, and therefore be accessible through lifestyle modification.

Methods: This post-hoc analysis evaluates the impact of a very low-carbohydrate 
intervention including nutritional ketosis, delivered through a continuous care 
intervention (CCI), on eGFR slope and inflammation over two years. The analysis 
included 262 T2D participants in the CCI group and 87 in the usual care (UC) group. 
The primary aim was to assess the relationship between blood β-hydroxybutyrate 
(BHB) and eGFR slope. A secondary aim explored changes in inflammatory markers 
including high sensitivity C-reactive protein (hs-CRP) and neutrophil-lymphocyte 
ratio (NLR). Latent class trajectory modeling was used to categorize ketosis 
adherence classes in the CCI group based on longitudinal BHB levels.

Results: CCI participants experienced a significant eGFR slope increase of 
0.91 mL/min/1.73m2/year, compared to a decline in UC (−0.68 mL/min/1.73m2/
year). Greater mean BHB at 365 days (β = 0.1, p = 0.002) was independently 
associated with greater eGFR improvement that persisted after adjusting for 
demographics, weight change and baseline medication use. A dose–response 
relationship emerged between ketosis classes and eGFR improvement, 
particularly among participants with baseline eGFR <90 mL/min/1.73m2. Higher 
ketosis adherence also correlated with significant reductions in inflammatory 
markers, such as NLR and hsCRP, suggesting anti-inflammatory benefits.

Conclusion: This analysis highlights nutritional ketosis as a potential non-
pharmacological approach to improve or stabilize eGFR and reduce 
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inflammation in T2D. Randomized controlled trials are needed to validate these 
findings and assess the synergistic effects of ketogenic diets combined with 
pharmacotherapies to optimize kidney outcomes in chronic kidney disease.

KEYWORDS

nutritional ketosis, type 2 diabetes, eGFR slope, inflammation, dose-response 
relationship

1 Introduction

Diabetic nephropathy (DN) is a common complication of diabetes 
and is usually associated with an increased risk of kidney failure, 
cardiovascular disease and death. A decline in the slope of the 
estimated glomerular filtration rate (eGFR) portends poorer outcomes 
(1) and has been designated as a valid surrogate endpoint for kidney 
failure (2, 3, 4). A slower decline in the eGFR slope decline by 0.75 mL/
min/1.73m2 is associated with a 21% reduction in end stage kidney 
disease (ESKD) (2, 3, 4) as demonstrated in a wide variety of 
studies (2–7).

The antiglycemic medication class of sodium glucose 
cotransporter 2 inhibitors (SGLT2i) was shown to slow eGFR 
slope decline and reduced clinically relevant kidney-related 
outcomes including ESKD in several large, randomized trials 
(8–10). Because the effect of SGLT2i kidney-related outcomes in 
these trials was observed to be independent of glycemic control, 
it was hypothesized that the renoprotective mechanism of SGLT2i 
may arise from medication-induced ketosis (10, 11, 12). In 
mechanistic animal studies, it was shown that the renoprotective 
effect of SGLT2i treatment depends on the production of ketone 
bodies and that at least part of the effect involves inhibition of 
mTOR signaling (13). It is possible that this SGLT2i-induced 
low-grade ketone production elicits renoprotective benefits 
through its pleiotropic effects as a signaling molecule and as an 
alternative energy efficient fuel for the kidney that helps restore 
mitochondrial function (14). Additionally, the anti-inflammatory, 
antifibrotic and antioxidative effects of the main ketone, beta-
hydroxybutyrate (BHB), may also directly benefit the kidney (11, 
12, 14, 15).

Although a well-formulated ketogenic diet (WFKD) is a lifestyle 
intervention option for treating or reversing type 2 diabetes (T2D), it 
is cautioned against for individuals with underlying impaired kidney 
function despite the availability of studies showing that a carbohydrate 
restricted diet is safe or even beneficial in people with moderately 
diminished kidney function (16). Our non-randomized study of 
patients with T2D reported improvements in glycemia, body weight 
and other cardio-metabolic markers including a significant increase 
in eGFR over two years in those receiving a very low carbohydrate diet 
targeting nutritional ketosis via a continuous care intervention (CCI) 
(17). There were similar significant improvements in high sensitivity 
C-reactive protein (hsCRP) and white blood cell (WBC) counts at 
2 years in the CCI arm. Improvements in eGFR, hsCRP and WBC 
were not observed in the usual care (UC) arm (17). However, it is 
unknown whether the improvement in eGFR was related to glycemic, 
weight loss and blood pressure improvements observed in CCI, and 
whether it is driven by ketone-mediated effects. In this post-hoc 
analysis, we  examined the impact of CCI and diet-induced 
euketonemia (18) on the kidney function markers, eGFR slope and on 

inflammation, including the neutrophil-lymphocyte ratio (NLR), an 
inflammatory marker highly correlated with DN.

2 Materials and methods

2.1 Study design and participants

The study was an open-label, non-randomized study on 
participants with type 2 diabetes (T2D) receiving two different 
treatments, continuous care intervention (CCI) and usual care (UC) 
(17). The CCI is the treatment arm that consisted of dietary 
intervention and remote continuous care using telemedicine, while 
the UC arm received standard of care. The CCI cohort was advised to 
follow a very low carbohydrate intervention to achieve and sustain 
nutritional ketosis, i.e., <30 g/day of total carbohydrate in the 
beginning of the intervention and personalized subsequently based on 
the individuals’ health goals and carbohydrate tolerance. Protein 
intake was targeted at a level of 1.5 g/kg of reference body weight, and 
fat intake targeted to achieve satiety. These participants were 
monitored telemedically using a web-based software application (app) 
by their remote care team consisting of a health coach and a healthcare 
provider. The app was used to upload weight, fingerstick blood glucose 
and BHB to monitor the patients’ adherence in the diet, their clinical 
progress, side effects and management of any medication adjustments. 
BHB values were measured using the Precision Xtra meter (Abbott, 
Alameda, CA), which has been reported to have a coefficient of 
variation (CV) of less than 10% across BHB concentrations. BHB 
values ranging from 0.5 to 5.0 mM are considered within the 
euketonemia range; however, any value greater than 0.3 mM is still a 
meaningful indicator that an individual is restricting carbohydrates to 
a degree that physiologically shifts the body into ketosis (18). The 
co-primary endpoints of the study were weight and T2D status. 
Patients were enrolled in the study from August 2015 to May 2016 for 
a two-year longitudinal assessment. The results from the initial core 
2-year study along with the study design, inclusion and exclusion 
criteria were previously published (17, 19). This post-hoc analysis 
assesses the intervention effect on 2-year eGFR slope, eGFR stages, 
and inflammation markers.

2.2 Outcomes

There were 262 and 87 participants in the CCI and UC arms, 
respectively. Kidney-relevant outcomes including serum creatinine, 
complete blood count (CBC), and hsCRP were collected at baseline, 1 
and 2 years. Demographics (age, gender, race, diabetes duration) and 
other ancillary variables including body mass index (BMI), weight, 
hemoglobin A1c (HbA1c), systolic blood pressure (SBP), fasting 
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insulin, white blood cell (WBC) and blood urea nitrogen (BUN) that 
were previously reported in the full CCI and UC cohorts were also 
included in this post-hoc analysis. eGFR was calculated using the 2021 
race-free Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) creatinine-based equation (20). Neutrophil-lymphocyte ratio 
(NLR) was calculated by dividing absolute neutrophil count by the 
absolute lymphocyte count.

2.3 Aims

The primary aim of this post-hoc analysis was to assess the 
relationship between blood BHB and eGFR slope. The secondary aim 
was to explore changes in inflammatory markers. Other ancillary aims 
were to assess changes in eGFR and eGFR stage transition from 
baseline to 2 years among those with baseline eGFR < 60 mL/
min/1.73m2.

2.4 Statistical analysis

Comprehensive details on the statistical analysis, including the 
latent class trajectory modeling, linear mixed effect model (LMM), and 
multiple linear regression analyses, are included in the supplementary 
statistical method section. The guidelines for reporting on latent 
trajectory studies (GRoLTS) checklist, as recommended by the 
Equator Network, are included in the supplementary materials (21).

2.4.1 eGFR slope in CCI versus UC
First, we assessed the difference in eGFR total slope from baseline 

to 2 years between CCI and UC using the linear mixed effect model 
in all participants and in the subcohort of participants with baseline 
eGFR <90 mL/min/1.73m2.

2.4.2 Association of eGFR improvement with 
predictors

Given that mean eGFR improvement in CCI was greatest between 
baseline and 365 days, and remained statistically unchanged from 365 
to 730 days, we  assessed predictors of eGFR change at 365 days, 
including mean change in weight, HbA1c, SBP, fasting insulin, 
HOMA-IR, fasting glucose and lower extremity lean mass at 365 days 
and mean BHB over 1 year, using multiple linear regression adjusted 
for demographics and baseline characteristics. As previously 
published, antiglycemic medications (e.g., SGLT2i, GLP1-RA) (19) 
were largely deprescribed or unchanged at 1 year, with no significant 
changes in angiotensin-converting enzyme inhibitors (ACEi) and 
angiotensin II receptor blockers (ARBs) (22), and no participants on 
mineralocorticoid receptor antagonists. Sensitivity analysis included 
baseline use of these medications in the model. Details on the analysis 
methods are provided in the supplementary methods.

2.4.3 Latent class trajectory modeling (LCTM)
To understand the role of blood BHB on eGFR slope, we explored 

longitudinal ketone trajectories from baseline to 2 years in the CCI arm 
using latent class trajectory modeling (LCTM) analysis and assessed 
eGFR slope in the ketosis classes. Fingerstick BHB logging from 
baseline to 2 years was used for the LCTM analysis. Instead of using 
mean BHB data, we  used BHB logging data as a count variable 

(Supplementary material). CCI participants who stayed in the 
intervention up to 12 weeks and had ketone loggings at least in two of 
the 8 time periods were included in the LCTM (n = 248). We applied 
the lcmm function from the R lcmm package for the modeling. After 
selecting the most appropriate link function (see details in the 
Supplementary Appendix A statistical method; Supplementary Table A1), 
we then fitted a series of models from 2 through 6 latent classes. Models 
were estimated using the extended Marquardt algorithm, and missing 
data were addressed through maximum likelihood estimation. We then 
assessed and compared the goodness of fit measures, Bayesian 
information criteria (BIC) and Akaike information criteria (AIC). Then, 
to select the appropriate model with the optimal number of classes, 
we assessed the discrimination power of the models using their entropy 
values and also assessed the relevance of the identified trajectories using 
their assigned posterior probability.

2.4.4 eGFR slope in ketosis classes within CCI 
versus UC

We calculated the baseline to 2 years eGFR slopes in the ketosis 
classes and assessed the difference from UC using the linear mixed 
effect model among all participants and in a subcohort of participants 
with baseline eGFR < 90 mL/min/1.73m2.

2.4.5 eGFR changes and category transition 
among those with stage 3 kidney disease

To explore clinically meaningful improvement, we then assessed 
eGFR changes from baseline to 2 years in a subcohort of CCI 
participants with stage 3 kidney disease and/or eGFR < 60 mL/
min/1.73m2 at baseline. We  also assessed the proportion of 
participants that transitioned from stage 3a CKD at baseline to higher 
(stage 3b or 4) or to lower CKD (stage 2 or less) categories.

2.4.6 Inflammatory markers and blood urea 
nitrogen

We assessed the changes in the neutrophil-to-lymphocyte ratio 
(NLR) from baseline to 2 years in both the CCI and UC, across the 
entire cohort and in a subcohort with abnormal NLR values ≥2.5, 
using linear mixed effects models. Additionally, we evaluated hsCRP, 
WBC, NLR (in the entire cohort and a subcohort with baseline 
abnormal NLR values ≥2.5) and BUN within the CCI ketosis trajectory 
classes and UC groups, employing the same statistical models.

3 Results

Table 1 lists the baseline demographics and variables for the CCI 
and UC groups, as well as for CCI participants divided by ketosis 
trajectory classes. In general, no significant differences were observed 
between CCI ketosis trajectory classes versus UC except for baseline 
BMI, weight, WBC, percentage of Caucasian and age. CCI sustained 
nutritional ketosis class had slightly greater baseline BMI and weight 
compared to UC and other CCI KT classes.

3.1 eGFR slope in CCI versus UC

CCI was associated with a significant increase in eGFR from 
baseline to 2 years with an eGFR slope 0.91 mL/min/1.73m2/year 
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TABLE 1 Demographics and baseline characteristics of the CCI, the different ketosis classes identified within CCI, and the UC group, including the 
respective mean BHB levels and the percentage of days with BHB ≥ 0.3 mM, are described from baseline to 2 years across the various CCI ketosis classes.

Demographics and baseline 
characteristics

Whole 
CCI 

cohort

Whole 
UC 

cohort

CCI trajectory classes

Sustained 
nutritional 

ketosis

Moderate 
nutritional 

ketosis

Low 
Nutritional 

ketosis

Unsustained 
nutritional 

ketosis

P

Baseline N 248 87 17 99 105 27

One year N 218 78 17 89 93 19

Two years N 194 68 16 81 80 17

Mean BHB consistently 

1 mM

around 0.7 mM 

and dropping to 

0.5 mM

around 0.3 to 

0.4 mM

around 0.3 mM and 

dropping to 0.1 mM

Percentage days of 

logging 

BHB ≥ 0.3 mM

consistently 

>90% of days

around 80–90% 

and slowly 

dropping to 70% 

of days

around 50–60% 

and slowly 

dropping to 30% 

of days

less than 10% of 

days

Age, years [mean 

(SD)]

53.85 (8.36) 52.33 (9.52) 56.29 (8.33) 55.32 (8.08) 52.57 (8.42) 51.85 (8.28) 0.04

Gender (%) Male 86 (34.7) 36 (41.4) 6 (35.3) 34 (34.3) 34 (32.4) 12 (44.4) 0.63

Female 162 (65.3) 51 (58.6) 11 (64.7) 65 (65.7) 71 (67.6) 15 (55.6)

Race and ethnicity 

(%)

Caucasian 231 (93.1) 87 (100.0) 17 (100.0) 95 (96.0) 96 (91.4) 23 (85.2) 0.01

Non-Caucasian 17 (6.9) 0 (0.0) 0 (0.0) 4 (4.0) 9 (8.6) 4 (14.8)

Diabetes duration, 

years [mean (SD)]

8.34 (7.14) 7.85 (7.32) 7.71 (5.99) 9.51 (6.96) 7.35 (7.43) 8.26 (7.03) 0.29

Baseline BMI, kg/m2 

[mean (SD)]

40.52 (8.53) 36.72 (7.26) 43.59 (7.46) 40.38 (8.63) 39.87 (7.86) 41.75 (11.11) 0.002

Baseline weight, lbs. 

[mean (SD)]

258.34 

(56.28)

232.87 

(48.82)

277.23 (58.62) 257.90 (59.91) 252.72 (51.42) 270.80 (58.54) 0.001

One year weight, 

lbs. [mean (SD)]

222.78 

(48.96)

241.05 

(53.99)

224.81 (43.50) 215.87 (51.28) 224.74 (44.38) 248.12 (58.21) 0.001

Two years weight, 

lbs. [mean (SD)]

225.19 

(47.51)

243.51 

(55.66)

207.01 (18.48) 222.22 (50.75) 229.77 (45.85) 239.18 (57.75) 0.001

Baseline HbA1c, % 

[mean (SD)]

7.60 (1.51) 7.64 (1.76) 7.44 (1.78) 7.71 (1.55) 7.53 (1.49) 7.56 (1.28) 0.92

Baseline eGFR, mL/

min/1.73m2 [mean 

(SD)]

88.93 

(19.02)

88.17 (19.36) 89.82 (16.21) 87.59 (20.26) 89.67 (19.18) 90.41 (15.64) 0.92

Baseline creatinine, 

mg/dL [mean (SD)]

0.88 (0.24) 0.91 (0.25) 0.86 (0.22) 0.89 (0.26) 0.88 (0.23) 0.89 (0.21) 0.89

Baseline hsCRP, mg/

dL [mean (SD)]

8.61 (14.74) 8.89 (8.62) 7.91 (6.37) 9.43 (21.54) 8.12 (7.49) 7.91 (7.63) 0.96

Baseline WBC, k/

cumm [mean (SD)]

7.18 (1.83) 8.14 (2.39) 6.87 (1.38) 7.27 (1.79) 7.10 (1.87) 7.40 (2.10) 0.004

Baseline NLR [mean 

(SD)]

2.32 (0.92) 2.25 (0.91) 2.47 (0.80) 2.33 (0.88) 2.35 (1.00) 2.11 (0.84) 0.66

Baseline BUN, mg/

dL [mean (SD)]

16.96 (6.66) 16.05 (6.25) 17.50 (6.10) 17.81 (7.48) 16.30 (5.96) 16.07 (6.37) 0.34

Baseline fasting 

insulin, mIU/L 

[mean (SD)]

28.65 

(23.82)

29.11 (24.85) 31.57 (23.15) 27.30 (26.25) 30.03 (23.16) 26.13 (17.21) 0.88

(Continued)
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(p = 0.03). In contrast, UC was associated with a non-significant 
decrease in eGFR (−0.68 mL/min/1.73m2/year). The between group 
difference was 1.59 (−3.23, 0.05) mL/min/1.73m2/year and of 
borderline statistical significance (p = 0.06). Similarly, in a subcohort 
of participants with baseline eGFR<90 mL/min/1.73m2, the difference 
in the annual rate of change between CCI vs. UC in eGFR was 1.98 
(−4.74, 0.79) mL/min/1.73m2/year, where CCI had a positive eGFR 
slope of 3.04 mL/min/1.73m2/year (p < 0.001).

3.2 Association of eGFR improvement with 
predictors

The results of the multiple regression analyses are presented in 
Table 2, focusing on predictors previously reported in the literature. 
Other potential predictors, such as change in lower extremity lean 
mass, HOMA-IR, and fasting glucose at 365 days, were not 
significantly associated with change in eGFR at 365 days. After 
adjusting for baseline predictors (which remained consistent across 
all models), only mean change in weight (Model 1) and mean BHB 
(Model 5) at 365 days were significantly associated with mean change 
in eGFR at 365 days in the models where change-related predictors 
were included individually. In Model 6, which included both mean 
delta weight and mean BHB over 1 year, only mean BHB over 1 year 
(β = 0.1, p = 0.009) was associated with mean change in eGFR at 
365 days, with greater mean BHB positively associated with greater 
mean change in eGFR at 365 days. Additionally, higher baseline 
eGFR (β = 0.8, p < 0.001) and shorter diabetes duration (β = −0.1, 
p = 0.01) were associated with a greater mean change in eGFR at 
365 days.

As previously published, antiglycemic medications (e.g., SGLT2i, 
GLP1-RA) (19) were largely deprescribed or remained unchanged at 
1 year, with no significant changes in the use of angiotensin-converting 
enzyme inhibitors (ACEi) and angiotensin II receptor blockers (ARBs) 
(22), and no participants were on mineralocorticoid receptor 
antagonists. In the cohort used for this regression analysis, 10.9% of 
participants were on SGLT2i and 13.7% were on GLP-1 RAs at 
baseline. GLP-1 RA use remained unchanged at 1 year, with 13.3% of 
participants continuing therapy. In contrast, SGLT2 inhibitors were 
deprescribed in most participants as part of the individualized 

medication management protocol in the CCI group, with only 0.9% 
remaining on SGLT2i at 1 year. In the final multivariate sensitivity 
model, mean BHB at 365 days (β = 0.1, p = 0.002) remained 
significantly associated with change in eGFR at 365 days, even after 
adjusting for baseline medication use of SGLT2i, GLP1-RA, and 
ARBs/ACEi (Table 2). Both baseline use of GLP1-RA and ARBs/ACEi 
were associated with mean change in eGFR at 365 days, with ARBs/
ACEi use positively associated and GLP1-RA use negatively associated 
with a greater mean change in eGFR at 365 days.

3.3 The CCI group can be sub-classified 
into four ketosis classes based on achieved 
BHB levels

To further investigate the possible association between BHB levels 
and reno-protection, we subclassified the CCI group based on achieved 
BHB levels. Details on model specification, parameter and selection 
are included in the Supplementary Appendix A1 Statistical Results and 
Supplementary Table A1. According to the model specification, the 
model with 4 latent ketosis classes was deemed to be the best fit (i.e., 
lower BIC, AIC, and SABIC values) when compared to models with 3 
or lower and 5 or more latent classes (Supplementary Tables A2, A3). 
The entropy of the model was 0.74 indicating good separation between 
the classes. Supplementary Table A4 includes a completed GRoLTS 
(Guidelines for Reporting on Latent Trajectory Studies) checklist for 
the latent class trajectory analysis. The ketosis classes were identified 
as unsustained nutritional ketosis (UNK, n  = 27), low nutritional 
ketosis (LNK, n = 105), moderate nutritional ketosis (MNK, n = 99) 
and sustained nutritional ketosis (SNK, n  = 17) as illustrated 
in Figures  1A,B. Table  1 provides details of the mean BHB and 
percentage of days logging BHB ≥ 0.3 mM in each of the ketosis 
trajectory classes.

3.4 Dose-dependent effect of ketosis 
adherence on eGFR slope improvement

Table 3 presents the estimated eGFR slopes in the different ketosis 
trajectory classes in comparison to UC. Individuals in the two higher 

TABLE 1 (Continued)

Demographics and baseline 
characteristics

Whole 
CCI 

cohort

Whole 
UC 

cohort

CCI trajectory classes

Sustained 
nutritional 

ketosis

Moderate 
nutritional 

ketosis

Low 
Nutritional 

ketosis

Unsustained 
nutritional 

ketosis

P

Baseline SBP, 

mmHg [mean (SD)]

132.24 

(13.94)

129.80 

(13.61)

134.24 (13.49) 132.14 (13.22) 130.90 (14.69) 136.77 (13.45) 0.20

Baseline eGFR 

stages (%)

1 137 (55.2) 43 (49.4) 11 (64.7) 52 (52.5) 58 (55.2) 16 (59.3) 0.93

2 88 (35.5) 36 (41.4) 4 (23.5) 38 (38.4) 36 (34.3) 10 (37.0)

3a-b 22 (8.9) 8 (9.2) 2 (11.8) 9 (9.1) 10 (9.5) 1 (3.7)

4 1 (0.4) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.0) 0 (0.0)

The p-value listed represents differences between CCI ketosis trajectory classes and the UC as reference category. ANOVA was used to assess differences in continuous outcomes, and the 
chi-square test was used for categorical outcomes. Abbreviations: CCI, continuous care intervention; UC, usual care; BHB, β-hydroxybutyrate; SD, standard deviation; HbA1c, hemoglobin 
A1c; eGFR, estimated glomerular filtration rate; BMI, body mass index; WBC, white blood cells; hsCRP, high sensitivity C-reactive protein; NLR, neutrophil-lymphocyte ratio; BUN, blood 
urea nitrogen; SBP, systolic blood pressure.
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ketosis adherence categories, namely SNK and MNK, had a greater 
increase in their eGFR slope from baseline to two years relative to 
those categorized as lower ketosis adherence (LNK and UNK) 
(Figure 2). Specifically, the eGFR slope within the SNK group was 
significantly higher compared to the UC group, with an observed 
between-group difference of 4.06 mL/min/1.73m2 annually. 
Furthermore, analysis revealed a dose–response relationship between 
the intensity and duration of ketosis, as classified into distinct ketosis 
classes, and the improvement of eGFR slope (Figure 2A and Table 3). 
This dose-dependent effect of ketosis adherence on eGFR slope 
improvement was more pronounced among participants who started 
off with a baseline eGFR < 90 (Figure 2B and Table 3).

3.5 eGFR changes and category transition 
among those with stage 3a or higher 
kidney disease (eGFR<60)

Among participants with baseline eGFR indicating advanced kidney 
disease (stage 3a or higher), 23 individuals in the CCI group showed 

significant improvement, with mean eGFR increasing from 49.9 to 
64.7 mL/min/1.73m2 at 2 years (p < 0.001). Of those with 2-year eGFR 
data (n = 15), 93% were in stage 3 and 7% in stage 4 at baseline. Notably, 
none progressed to more severe CKD, and 53% improved to stage 2, 7% 
improved from stage 4 to stage 3, while 40% remained in stage 3.

In contrast, among 8 individuals with mild to moderate kidney 
disease in the UC group, 6 had 2-year eGFR data. Only 17% improved 
to stage 2, 67% remained in stage 3, and 17% worsened to stage 4.

3.6 Inflammatory markers and blood urea 
nitrogen

At 2 years, the CCI cohort experienced significant reductions in 
hsCRP, WBC, and NLR levels, while no significant changes were 
observed in the UC group (Table  4). Reductions in inflammation 
markers were observed across all four CCI ketosis trajectory classes, 
with a clear dose–response relationship. Participants with higher ketosis 
adherence (SNK and MNK) showed the greatest improvements in 
hsCRP (−57.5% and −32.0%, respectively) and WBC (−20.6% and 

TABLE 2 Multiple linear regression models for association of different baseline and change in independent factors with change in eGFR at 365 days.

Parameters Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Final Model

Baseline 
Predictors

β p-
value

β p-
value

β p-
value

β p-
value

β p-
value

β p-
value

β p-
value

Age −0.07 0.2 −0.03 0.49 −0.04 0.46 −0.04 0.48 −0.04 0.38 −0.06 0.21 −0.09 0.07

Gender −0.04 0.36 −0.05 0.25 −0.02 0.7 −0.02 0.68 −0.01 0.76 −0.03 0.49 −0.01 0.88

Race 0.00 0.96 −0.01 0.9 −0.03 0.58 −0.01 0.92 −0.01 0.85 0.01 0.77 −0.01 0.89

Diabetes 

duration

−0.10 0.02 −0.12 0.01 −0.12 0.01 −0.10 0.03 −0.12 0.01 −0.11 0.01 −0.10 0.02

Baseline eGFR 0.77 <0.001 0.78 <0.001 0.77 <0.001 0.77 <0.001 0.77 <0.001 0.78 <0.001 0.77 <0.001

BMI 0.05 0.23 0.02 0.71 0.04 0.42 0.02 0.61

Baseline weight −0.13 0.27 −0.03 0.56 −0.02 0.64

Baseline HbA1c −0.08 0.3

Baseline systolic 

blood pressure

0.02 0.8

Baseline fasting 

insulin

−0.01 0.83

Baseline SGLT2i 

use

0.07 0.10

Baseline GLP1-

RA use

−0.09 0.04

Baseline ARB 

and ACEi use

0.14 0.002

Change Predictors

Delta weight −0.06 0.01 −0.08 0.17 −0.06 0.26

Delta HbA1c −1.88 0.06

Delta systolic 

blood pressure

0.04 0.53

Delta fasting 

insulin

0.02 0.78

Mean ketone 1 to 

365 days

0.12 0.01 0.12 0.01 0.12 0.002
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−10.7%, respectively) compared to those with lower adherence (LNK: 
hsCRP -40.7%, WBC -2.9%; UNK: hsCRP -28.0%, WBC -3.7%) 
(Table 4). Similarly, NLR decreased significantly in the CCI cohort 
(−8.5%) and in a subcohort with baseline NLR ≥ 2.5 (−15.2%), with no 
significant changes in UC. Improvements in NLR also followed a dose–
response pattern, with greater reductions in higher ketosis adherence 
categories. These results suggest a robust, dose-dependent anti-
inflammatory effect of nutritional ketosis. BUN levels remained stable 
and within the normal range across all CCI classes and UC (Table 4).

4 Discussion

4.1 eGFR slope

In this study, we demonstrated for the first time that a very low 
carbohydrate intervention leading to nutritional ketosis is associated 
with an increase in the rate of eGFR change of 0.91 mL/min/1.73m2/
year from baseline to two years in participants with type 2 diabetes. 
This exceeded the recognized threshold of a clinically meaningful 
eGFR slope increase of 0.75 mL/min/1.73m2 (3, 4). Of note, the 
increase in the eGFR slope was more evident at higher levels of ketosis 
and at progressively lower baseline eGFR levels (baseline eGFR 
<90 mL/min/1.73m2). These findings raise the possibility that a very 
low carbohydrate intervention could be used to stall or even reverse 
the progression of diabetic nephropathy to end-stage kidney 
disease (3, 4).

No other nutritional intervention has demonstrated a similarly 
positive impact on the eGFR slope. The CORDIOPREV study 
reported an annual eGFR decline of approximately −1 mL/min/1.73m2 
with a Mediterranean diet over five years (23), while the MDRD study 
observed declines of −2.1 and −3.2 mL/min/1.73m2 per year in 
patients with moderate to severe kidney dysfunction following 
low-protein and very low-protein diets, respectively (24). Similarly, a 

post-hoc analysis of the Look AHEAD trial found declines of −0.86 
and −0.93 mL/min/1.73m2 per year over 10 years in the intensive 
lifestyle intervention (ILI) and diabetes support and education (DSE) 
groups (25). These studies, however, benefited from longer follow-up 
periods compared to ours and differed in terms of the study 
population. Pharmaceutical trials with SGLT2i (8–10), GLP1-RA (26, 
27), and finerenone (28) in participants with pre-existing CKD at high 
risk for progression also reported negative eGFR slopes in both 
treatment and placebo groups. However, the difference in eGFR 
decline between the groups ranged from 0.8 to 2.0 mL/min/1.73m2/
year, with the placebo arms experiencing greater declines, and the 
drugs effectively mitigating the rate of decline. In contrast, our 
nutritional intervention, which targeted nutritional ketosis, uniquely 
demonstrated a positive eGFR slope of 0.91 mL/min/1.73m2/year in 
patients with relatively intact kidney function. This improvement was 
particularly notable in participants with a baseline eGFR <90 mL/
min/1.73m2, where the difference between the intervention and usual 
care groups was 1.97 mL/min/1.73m2/year. Moreover, the absence of 
significant changes in blood urea nitrogen suggests that the positive 
eGFR slope was not attributable to hyperfiltration from increased 
protein intake, highlighting the unique renoprotective potential of 
this approach.

Healthy individuals in the general population usually have an 
eGFR slope of approximately −1 mL/min/1.73m2/year (29), while 
patients with T2DM generally have a more rapid decline (30). Our 
intervention appears to have staved off and even reversed such a 
decline in the eGFR slope especially among those with lower eGFRs. 
This trend was consistent among those who started with an eGFR 
<60 mL/min/1.73m2 at baseline, where these patients not only 
experienced an increase in their eGFR but 53% of them reversed their 
eGFR staging from stage 3 to stage 2. Nutritional interventions that 
have the potential to slow the eGFR decline or maintain the eGFR 
decline to a rate similar to the general population are associated with 
improved kidney outcomes. Two different post-hoc analyses of the 

FIGURE 1

(A) Percentage days of logging BHB ≥ 0.3 mM from baseline to 2 years in different CCI ketosis classes. (B) Mean BHB from baseline to 2 years in 
different CCI ketosis classes.
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Look AHEAD study data revealed significant benefits for kidney 
health (31, 32). An earlier study demonstrated that participants in the 
ILI group had a reduced risk (HR 0.69, 95% CI; 0.55 to 0.87; difference 
of 0.27 cases per 100 person-years) of developing high-risk CKD, as 
defined by the 2013 KDIGO classification, compared to the DSE arm 
(31). A more recent study reported a significant reduction in eGFR < 
45 mL/min/1.73m2 in the ILI arm compared to the DSE arm during 
the active intervention phase, with a hazard ratio of 0.80 (95% CI; 0.66 
to 0.98) (32).

None of these previous nutritional or pharmacological 
intervention studies achieved reversals of the eGFR slopes to positive 
values. Even the best therapies only slow the rate of eGFR decline. 
The main difference between our nutritional intervention and 
previous nutritional interventions is that our very low-carbohydrate 
approach leads to sustained nutritional ketosis in many of the 
participants. This suggests that the metabolic state of ketosis, 
characterized by physiologic levels of ketones, may be the key to the 
observed reno-protective effects. Ketones, particularly BHB, are 
believed to exert reno-protective benefits through multiple 
mechanisms, including serving as an efficient alternative energy 
source for the kidney, reducing oxidative stress, and exhibiting anti-
inflammatory and antifibrotic effects, which collectively help preserve 
kidney function and mitigate damage (33). However, it’s important 
to consider whether similar benefits would be seen with exogenous 
BHB supplementation or if sustained endogenous ketosis 
reflects broader metabolic improvements, particularly reduced 
hyperinsulinemia, which is known to drive inflammatory pathways 
(e.g., NLRP3 via PI3K) and other renal stressors (34, 35). Endogenous 
ketosis likely signals reduced insulin exposure over time, which in 
turn impacts markers like vitamin D metabolism (36), and 
inflammatory cytokines (35). Additionally, carbohydrate restriction—
which induces endogenous ketosis—may directly ameliorate 
hyperglycemia and reduce the formation of advanced glycated end 

products implicated in kidney injury (37). Consequently, the 
combined effects of carbohydrate restriction, elevated endogenous 
BHB levels, and lower insulin may contribute to improved eGFR, 
although further research is required to delineate the independent 
role of BHB.

4.2 Association of ketones with eGFR 
improvement

The improvement in eGFR in the CCI group was most notable 
between baseline and one year, coinciding with the period of highest 
adherence to the carbohydrate restriction. Similar to the observed 
eGFR improvement trend, a greater increase in mean BHB levels from 
baseline to 365 days was significantly associated with eGFR 
improvement, along with shorter diabetes duration, higher baseline 
eGFR and baseline use of GLP1-RA and ACEi/ARBs after accounting 
for body weight changes at one year. While GLP-1 RA use at baseline 
was independently associated with changes in eGFR at 1 year, no such 
association was observed for SGLT2i, likely due to the limited sample 
size, substantial deprescription of SGLT2i during the study, and the 
resulting variability in exposure. It is also important to note that 
participants on GLP-1 RAs were primarily using older-generation 
agents, and thus, this observed association should be  interpreted 
cautiously. Future studies with larger cohorts, consistent medication 
exposure, and newer GLP-1 RA formulations are needed to validate 
these findings and explore potential additive effects with nutritional 
interventions. Likewise, our findings were consistent with two other 
studies that found kidney function improvement from a low 
carbohydrate nutritional intervention was not correlated with the 
degree of weight loss (38, 39). Additionally, one of these studies 
reported an association between eGFR improvement and a decrease 
in fasting insulin and systolic blood pressure (39), but a similar 

TABLE 3 Two-year eGFR slopes in CCI participants divided into four ketosis classes in the whole CCI cohort, CCI subcohort with baseline eGFR<90 and 
in UC (control) used as a reference category in the linear mixed effect model.

eGFR slope (mL/min/1.73m2/year)

Whole cohort CCI divided into 4 ketosis 
trajectory classes

Mean + SE Slope difference p-value

Time * Group interaction 0.11

Sustained nutritional ketosis (SNK, N = 17) 3.38 ± 2.35 4.06 ± 1.63 0.01

Moderately declining nutritional ketosis (MNK, N = 99) 1.09 ± 1.68 1.78 ± 0.96 0.07

Low nutritional ketosis (LNK, N = 105) 0.20 ± 1.69 0.88 ± 0.97 0.36

Unsustained nutritional ketosis (UNK, N = 27) 0.22 ± 2.32 0.91 ± 1.60 0.57

UC (control) −0.69 ± 0.72

Sub cohort CCI with baseline eGFR <90 divided into 4 ketosis trajectory classes

Time * Group interaction 0.47

SNK (N = 8) 6.28 ± 4.35 5.22 ± 3.16 0.10

MNK (N = 47) 3.26 ± 2.83 2.21 ± 1.64 0.18

LNK (N = 47) 2.40 ± 2.81 1.34 ± 1.62 0.41

UNK (N = 11) 2.38 ± 3.69 1.33 ± 2.50 0.60

UC (control) 1.05 ± 1.19

eGFR slope estimates were obtained from linear mixed-effects models controlling for baseline age, sex, race, insulin use, and diabetes duration. The maximum-likelihood based approach uses 
all available data, resulting in an intent-to-treat analysis.
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association was not observed in our study. However, neither of these 
studies assessed whether changes in mean ketone levels were 
associated with eGFR improvement (38, 39) or accounted for mean 
ketones in the model that included fasting insulin (39). It is possible 
that the association between the decrease in fasting insulin and eGFR 
improvement was due to carbohydrate restriction, which helps 

increase insulin sensitivity and reduce the need for greater insulin 
secretion (40). Moreover, another recent study reported that 
ketonuria-an indicator of high level of blood ketone levels - was the 
only significant factor associated with six-month eGFR improvement 
in those treated with SGLT2i in both univariate and multivariate linear 
regression (41).

FIGURE 2

Estimated mean eGFR Slope (mL/min/1.73m2 per year) from the linear mixed model by different CCI ketosis classes and usual care (UC). The plot 
shows the estimated mean eGFR slope with standard error (SE) for each class and UC. (A) Whole cohort CCI ketosis trajectory classes and UC. (B) Sub 
cohort CCI ketosis trajectory classes and UC with baseline eGFR <90.
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Like the association analysis, we also found a clear dose–response 
relationship between ketosis classes and eGFR slope. Individuals with 
closer dietary adherence and maintenance of ketosis categories had a 
greater increase in their eGFR slope from baseline to two years 
compared to those demonstrating lower ketosis adherence groups. 
This relationship was more evident in those with mild baseline kidney 
dysfunction. These findings align with the reno-protective effect of 
SGLT2i, which is associated with the presence of ketonuria (41), and 
mechanistically depends on the production of BHB (13). The 
improvement in eGFR was approximately seven-fold greater in those 
on SGLT2i with ketonuria versus those on SGLT2i without ketonuria 
(41). Likewise, in genetically driven autosomal polycystic kidney 
disease (ADPKD) a ketogenic diet resulted in increased eGFR in a 
randomized-controlled trial (42). A post-hoc analysis of the 
FDA-accepted outcome measure of height-adjusted total kidney 
volume (htTKV) showed that patients in the ketogenic diet arm who 
reached a greater ketosis threshold experienced a greater reduction in 
htTKV (43). The apparent dose-dependent beneficial relationship 
between BHB levels and reno-protection suggests that nutritional 
interventions leading to a deeper level of ketosis may be more effective 
in DN. Alternatively, or in addition, supplementation with exogenous 
BHB may be of added benefit which is currently being explored for 
ADPKD (44).

While the mechanistic and biochemical actions of ketones on 
kidney function could be  attributed to their putative anti-
inflammatory, anti-fibrotic, and anti-oxidative effects, it is still 
unknown whether these effects lead to a reduction in adverse 
kidney outcomes or events. Several clinical and real-world 

observational studies have reported improvements in kidney 
function markers among those following a low or very low 
carbohydrate diet (38, 39, 45–47), including studies that showed 
improvements in urine albumin creatinine ratio (UACR) (38) and 
cystatin C levels (47). Even lowering carbohydrate intake to 
non-ketogenic levels appears beneficial. Thus far, there is only one 
study that has reported a significant reduction in the risk of 
doubling of serum creatinine and development of dialysis 
dependency, or all-cause mortality in a carbohydrate restricted 
cohort compared to a standard protein restriction diet (48). One 
large observational study that assessed the association between 
carbohydrate intake and mortality in those with CKD reported a 
reduction in mortality in groups classified as having lower 
carbohydrate intake (HR of 0.76, 95% CI; 0.62 to 0.93) (49).

4.3 Inflammation

The close interrelationship between inflammation and CKD is 
also well established, with numerous studies highlighting the role 
of various inflammatory markers and the NLRP3 inflammasome 
in the progression of kidney damage (50, 51). One such marker, 
the neutrophil-lymphocyte ratio (NLR), has garnered attention for 
its predictive value in DN (52, 53). Elevated NLR levels indicate an 
inflammatory state and are associated with worse renal outcomes 
in patients with T2D, and with increased UACR (54, 55) and lower 
eGFR (56) in patients with DN. In our study, we  observed a 
significant reduction in NLR, along with hsCRP and WBC, from 

TABLE 4 Inflammatory markers by CCI ketosis trajectory classes versus UC from baseline to 2 years.

Variables Timepoints Reference CCI ketosis trajectory classes

UC Unsustained 
nutritional 

ketosis

Low 
nutritional 

ketosis

Moderate 
nutritional 

ketosis

Sustained 
nutritional 

ketosis

Mean ± SE

hs C-reactive 

protein (mg/dL)

Baseline 8.9 ± 0.8 7.3 ± 1.3 7.5 ± 0.7 7.6 ± 0.7 7.3 ± 1.6

12 months 9.1 ± 0.9 5.3 ± 1.5 5.1 ± 0.7*** 4.9 ± 0.7*** 5.6 ± 1.6

24 months 8.3 ± 0.8 5.3 ± 1.4 4.4 ± 0.6*** 5.2 ± 0.6*** 3.1 ± 1.4***

White blood cell 

(k/cumm)

Baseline 8.3 ± 0.2 7.2 ± 0.4 7.1 ± 0.2 7.3 ± 0.2 6.8 ± 0.5

12 months 8.3 ± 0.2 6.8 ± 0.4 6.7 ± 0.2* 6.3 ± 0.2*** 5.5 ± 0.5***

24 months 8.0 ± 0.3 7.0 ± 0.5 6.9 ± 0.2 6.5 ± 0.2*** 5.4 ± 0.5***

Neutrophil to 

lymphocyte ratio 

(NLR); whole 

cohort

Baseline 2.3 ± 0.1 2.1 ± 0.2 2.4 ± 0.1 2.3 ± 0.1 2.3 ± 0.2

12 months 2.4 ± 0.1 2.1 ± 0.2 2.2 ± 0.1 2.1 ± 0.1 * 2.3 ± 0.2

24 months 2.2 ± 0.1 1.8 ± 0.2 2.2 ± 0.1 2.1 ± 0.1 * 2.0 ± 0.2 *

Neutrophil to 

lymphocyte ratio 

(NLR); subcohort 

>2.5

Baseline 2.9 ± 0.1 2.7 ± 0.2 2.9 ± 0.1 2.8 ± 0.1 2.9 ± 0.2

12 months 2.9 ± 0.2 2.7 ± 0.3 2.7 ± 0.1 * 2.4 ± 0.1 ** 2.7 ± 0.3

24 months 2.6 ± 0.2 2.1 ± 0.3 * 2.6 ± 0.1 ** 2.3 ± 0.1 *** 2.2 ± 0.2 ***

Blood urea 

nitrogen (BUN) 

(mg/dL)

Baseline 16.1 ± 0.7 16.1 ± 1.2 16.7 ± 0.6 17.5 ± 0.6 17.1 ± 1.5

12 months 16.3 ± 0.9 18.0 ± 1.7 19.5 ± 0.8 19.1 ± 0.8 17.9 ± 1.8

24 months 16.8 ± 0.8 16.6 ± 1.6 18.2 ± 0.7 17.7 ± 0.7 17.4 ± 1.6

Estimated means and standard errors were derived from linear mixed effects models using the maximum-likelihood approach adjusted for within-subject correlation of measures. The 
following covariates were also included in the models: baseline age, sex. Race, body mass index, baseline diabetes medication use, and diabetes duration.
***p-value <0.001; **p-value <0.01; *p-value <0.05.
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baseline to two years that followed a dose–response trend related 
to adherence and maintenance of ketosis level. Despite NLR being 
a predictive marker for DN and its progression, there are still no 
studies directly evaluating the impact of NLR reduction on kidney 
function improvement or the reduction of adverse kidney 
outcomes. However, several studies indicate that NLR above 
certain cutoffs, ranging from 2.2 to 3.0, are most likely associated 
with diabetic nephropathy (56, 57–59). In the subgroup analysis 
of those starting with NLR ≥ 2.5, there was a 15% average 
reduction in NLR, with the average falling below the cutoff after 
two years. Furthermore, both high ketosis adherence classes 
experienced the greatest decline in NLR, normalizing the NLR 
levels to <2.5 at two years.

4.4 Strengths and limitations

Our study has several strengths, including the inclusion of two 
distinct groups that were closely followed for at least two years, 
allowing us to assess differences in eGFR slope between them. 
Additionally, ketone levels were routinely monitored in the CCI 
group using blood ketone meters, with values uploaded through the 
app. This enabled us to examine the association between ketone 
exposure and improvements in eGFR. However, the study also has 
several limitations. It represents a post hoc secondary analysis of 
kidney function markers and was not specifically powered to assess 
kidney outcomes; thus, the findings should be  considered 
hypothesis-generating. Another key limitation is the lack of detailed 
information on the underlying causes of CKD and the use 
of immunosuppressive agents, as the trial was not originally 
designed to evaluate kidney-specific endpoints. Furthermore, the 
interpretation of our findings is limited to eGFR improvement; the 
impact of the intervention on urinary albumin-to-creatinine ratio 
(UACR) remains unknown. Although urine microalbumin was 
measured, no significant changes were observed from baseline to 
two years. The findings from this analysis are limited to patients 
with type 2 diabetes (T2D). Furthermore, eGFR was estimated 
using serum creatinine, which can be influenced by weight loss, 
particularly by changes in lean mass. Rather than using cystatin C 
or direct measurement via 24-h urinary creatinine clearance. 
Finally, the moderate sample size may limit the generalizability of 
the findings.

5 Conclusion

In conclusion, our study provides preliminary evidence 
suggesting a relationship between generation of a ketotic state 
from a carbohydrate-restricted intervention and reduction in 
circulating markers of inflammation and stabilization or 
improvement of eGFR and risk of DN in individuals with T2D. The 
exploratory data help establish a scientific rationale for a 
randomized controlled trials to test the effects of a very low 
carbohydrate diet versus the standard of care on kidney related 
outcomes in individuals with CKD and on state-of-the art therapy. 
Furthermore, future research should investigate the additive effects 
between drugs approved for CKD, such as SGLT2i or GLP-1 
receptor agonists, and dietary carbohydrate restriction. 

Understanding how these medications interact with a very low 
carbohydrate diet could provide valuable insights into optimizing 
treatment strategies for CKD patients and potentially enhance the 
therapeutic benefits.

Data availability statement

The data analyzed in this study is subject to the following licenses/
restrictions: data is available upon appropriate request to the 
corresponding author, accompanied by a detailed proposal outlining 
how the data will be used. Requests to access these datasets should 
be directed to Shaminie J. Athinarayanan, shaminie@virtahealth.com.

Ethics statement

The studies involving humans were approved by all study 
participants provided written informed consent and the study was 
approved by the Franciscan Health Lafayette Institutional Review 
Board, Lafayette, IN, USA and is registered in Clinicaltrials.gov 
(NCT02519309). The studies were conducted in accordance with the 
local legislation and institutional requirements. Written informed 
consent for participation was not required from the participants or the 
participants’ legal guardians/next of kin in accordance with the 
national legislation and institutional requirements.

Author contributions

SA: Conceptualization, Data curation, Formal analysis, 
Methodology, Writing – original draft, Writing – review & editing. 
CR: Conceptualization, Writing – review & editing. SP: Data curation, 
Funding acquisition, Project administration, Supervision, Writing – 
review & editing. TW: Writing – review & editing. AF: Writing – 
review & editing. JV: Funding acquisition, Project administration, 
Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. Virta Health funded 
the study.

Conflict of interest

SA and CR were employees and shareholder of Virta Health TW 
was an inventor on issued and pending patents filed by the University 
of California, Santa Barbara related to the topic of this article. TW was 
a shareholder of Santa Barbara Nutrients, Inc., and holds a managerial 
position. TW was a scientific advisor of Chinook Therapeutics and 
received research funding from Chinook Therapeutics and from 
Kyowo Kirin. TW developed Ren.Nu.org and KetoCitra. AF was a 
scientific advisor to Eli Lilly, Novo Nordisk, Morphic Medical and Gila 
Therapeutics. He owns stock in Gila Therapeutics. JV and SP were 
co-founders and shareholders of Virta Health.

https://doi.org/10.3389/fnut.2025.1609737
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
mailto:shaminie@virtahealth.com
https://Clinicaltrials.gov
http://Ren.Nu.org


Athinarayanan et al. 10.3389/fnut.2025.1609737

Frontiers in Nutrition 12 frontiersin.org

Generative AI statement

The author(s) declare that no Gen 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.2025.1609737/
full#supplementary-material

References
 1. Odler B, Fu EL. eGFR slope as a primary endpoint for clinical trials of CKD 

progression: one size fits all? Clin Kidney J. (2024) 17:1–2. doi: 10.1093/ckj/sfae001

 2. Levey AS, Inker LA, Matsushita K, Greene T, Willis K, Lewis E, et al. GFR decline 
as an end point for clinical trials in CKD: a scientific workshop sponsored by the 
National Kidney Foundation and the US Food and Drug Administration. Am J Kidney 
Dis. (2014) 64:821–35. doi: 10.1053/j.ajkd.2014.07.030

 3. Levey AS, Gansevoort RT, Coresh J, Inker LA, Heerspink HL, Grams ME, et al. 
Change in albuminuria and GFR as end points for clinical trials in early stages of CKD: 
a scientific workshop sponsored by the National Kidney Foundation in collaboration 
with the US Food and Drug Administration and European medicines agency. Am J 
Kidney Dis. (2020) 75:84–104. doi: 10.1053/j.ajkd.2019.06.009

 4. Inker LA, Collier W, Greene T, Miao S, Chaudhari J, Appel GB, et al. A meta-
analysis of GFR slope as a surrogate endpoint for kidney failure. Nat Med. (2023) 
29:1867–76. doi: 10.1038/s41591-023-02418-0

 5. Inker LA, Heerspink HJL, Tighiouart H, Levey AS, Coresh J, Gansevoort RT, et al. 
GFR slope as a surrogate end point for kidney disease progression in clinical trials: a 
meta-analysis of treatment effects of randomized controlled trials. J Am Soc Nephrol. 
(2019) 30:1735–45. doi: 10.1681/ASN.2019010007

 6. Grams ME, Sang Y, Ballew SH, Matsushita K, Astor BC, Carrero JJ, et al. Evaluating 
glomerular filtration rate slope as a surrogate end point for ESKD in clinical trials: an 
individual participant meta-analysis of observational data. J Am Soc Nephrol. (2019) 
30:1746–55. doi: 10.1681/ASN.2019010008

 7. Greene T, Ying J, Vonesh EF, Tighiouart H, Levey AS, Coresh J, et al. Performance of 
GFR slope as a surrogate end point for kidney disease progression in clinical trials: a 
statistical simulation. J Am Soc Nephrol. (2019) 30:1756–69. doi: 10.1681/ASN.2019010009

 8. Perkovic V, Jardine MJ, Neal B, Bompoint S, Heerspink HJ, Charytan DM, et al. 
Canagliflozin and renal outcomes in type 2 diabetes and nephropathy. N Engl J Med. 
(2019) 380:2295–306. doi: 10.1056/NEJMoa1811744

 9. Cooper ME, Inzucchi SE, Zinman B, Hantel S, von Eynatten M, Wanner C, et al. 
Glucose control and the effect of empagliflozin on kidney outcomes in type 2 diabetes: 
an analysis from the EMPA-REG OUTCOME trial. Am J Kidney Dis. (2019) 74:713–5. 
doi: 10.1053/j.ajkd.2019.03.432

 10. Heerspink HJL, Stefánsson BV, Correa-Rotter R, Chertow GM, Greene T, Hou FF, 
et al. Dapagliflozin in patients with chronic kidney disease. N Engl J Med. (2020) 
383:1436–46. doi: 10.1056/NEJMoa2024816

 11. Sen T, Heerspink HJL. A kidney perspective on the mechanism of action of 
sodium glucose co-transporter 2 inhibitors. Cell Metab. (2021) 33:732–9. doi: 
10.1016/j.cmet.2021.02.016

 12. Polidori D, Iijima H, Goda M, Maruyama N, Inagaki N, Crawford PA. Intra- and 
inter-subject variability for increases in serum ketone bodies in patients with type 2 
diabetes treated with the sodium glucose co-transporter 2 inhibitor canagliflozin. 
Diabetes Obes Metab. (2018) 20:1321–6. doi: 10.1111/dom.13224

 13. Tomita I, Kume S, Sugahara S, Osawa N, Yamahara K, Yasuda-Yamahara M, et al. 
SGLT2 inhibition mediates protection from diabetic kidney disease by promoting ketone 
body-induced mTORC1 inhibition. Cell Metab. (2020) 32:404–419.e6. doi: 
10.1016/j.cmet.2020.06.020

 14. Ferrannini E, Baldi S, Frascerra S, Astiarraga B, Heise T, Bizzotto R, et al. Shift to 
fatty substrate utilization in response to sodium–glucose cotransporter 2 inhibition in 
subjects without diabetes and patients with type 2 diabetes. Diabetes. (2016) 65:1190–5. 
doi: 10.2337/db15-1356

 15. Mudaliar S, Alloju S, Henry RR. Can a shift in fuel energetics explain the beneficial 
cardiorenal outcomes in the EMPA-REG OUTCOME study? A unifying hypothesis. 
Diabetes Care. (2016) 39:1115–22. doi: 10.2337/dc16-0542

 16. American Diabetes Association Professional Practice Committee. Facilitating 
positive health behaviors and well-being to improve health outcomes: standards of care 
in diabetes—2024. Diabetes Care. (2024) 47:S77–S110. doi: 10.2337/dc24-S005

 17. Athinarayanan SJ, Adams RN, Hallberg SJ, McKenzie AL, Bhanpuri NH, Campbell 
WW, et al. Long-term effects of a novel continuous remote care intervention including 

nutritional ketosis for the management of type 2 diabetes: a 2-year non-randomized 
clinical trial. Front Endocrinol (Lausanne). (2019) 10:348. doi: 10.3389/fendo.2019.00348

 18. Volek JS, Kackley ML, Buga A. Nutritional considerations during major weight 
loss therapy: focus on optimal protein and a low-carbohydrate dietary pattern. Curr Nutr 
Rep. (2024) 13:422–43. doi: 10.1007/s13668-024-00548-6

 19. Hallberg SJ, McKenzie AL, Williams PT, Bhanpuri NH, Peters AL, Campbell WW, 
et al. Effectiveness and safety of a novel care model for the management of type 2 
diabetes at 1 year: an open-label, non-randomized, controlled study. Diabetes Ther. 
(2018) 9:583–612. doi: 10.1007/s13300-018-0373-9

 20. Inker LA, Eneanya ND, Coresh J, Tighiouart H, Wang D, Sang Y, et al. New 
creatinine- and cystatin C-based equations to estimate GFR without race. N Engl J Med. 
(2021) 385:1737–49. doi: 10.1056/NEJMoa2102953

 21. van de Schoot R, Sijbrandij M, Winter SD, Depaoli S, Vermunt JK. The GRoLTS-
checklist: guidelines for reporting on latent trajectory studies. Struct Equ Modeling. 
(2016) 24:451–67. doi: 10.1080/10705511.2016.1247646

 22. Bhanpuri NH, Hallberg SJ, Williams PT, McKenzie AL, Ballard KD, Campbell 
WW, et al. Cardiovascular disease risk factor responses to a type 2 diabetes care model 
including nutritional ketosis induced by sustained carbohydrate restriction at 1 year: an 
open label, non-randomized, controlled study. Cardiovasc Diabetol. (2018) 17:56. doi: 
10.1186/s12933-018-0698-8

 23. Podadera-Herreros A, Arenas-de Larriva AP, Gutierrez-Mariscal FM, Alcala-Diaz 
JF, Ojeda-Rodriguez A, Rodriguez-Cantalejo F, et al. Mediterranean diet as a strategy 
for preserving kidney function in patients with coronary heart disease with type 2 
diabetes and obesity: a secondary analysis of CORDIOPREV randomized controlled 
trial. Nutr Diabetes. (2024) 14:27. doi: 10.1038/s41387-024-00285-3

 24. Klahr S, Levey AS, Beck GJ, Caggiula AW, Hunsicker L, Kusek JW, et al. The effects 
of dietary protein restriction and blood-pressure control on the progression of chronic 
renal disease. N Engl J Med. (1994) 330:877–84. doi: 10.1056/NEJM199403313301301

 25. Lavenburg LU, Schaubel DE, Chao AM, Reese PP, Cohen JB. The 10-year effects 
of intensive lifestyle intervention on kidney outcomes. Kidney Med. (2024) 6:100814. 
doi: 10.1016/j.xkme.2024.100814

 26. Mann JFE, Ørsted DD, Buse JB. Liraglutide and renal outcomes in type 2 diabetes. 
N Engl J Med. (2017) 377:2195–8. doi: 10.1056/NEJMc1713042

 27. Perkovic V, Tuttle KR, Rossing P, Mahaffey KW, Mann JF, Bakris G, et al. Effects 
of semaglutide on chronic kidney disease in patients with type 2 diabetes. N Engl J Med. 
(2024) 391:109–21. doi: 10.1056/NEJMoa2403347

 28. Bakris GL, Agarwal R, Anker SD, Pitt B, Ruilope LM. Effect of finerenone on 
chronic kidney disease outcomes in type 2 diabetes. N Engl J Med. (2020) 383:2219–29. 
doi: 10.1056/NEJMoa2025845

 29. Glassock RJ, Rule AD. Aging and the kidneys: anatomy, physiology and 
consequences for defining chronic kidney disease. Nephron. (2016) 134:25–9. doi: 
10.1159/000445450

 30. Warren B, Rebholz CM, Sang Y, Lee AK, Coresh J, Selvin E, et al. Diabetes and 
trajectories of estimated glomerular filtration rate: a prospective cohort analysis of the 
atherosclerosis risk in communities study. Diabetes Care. (2018) 41:1646–53. doi: 
10.2337/dc18-0277

 31. Look AHEAD Research Group. Effect of a long-term behavioral weight loss 
intervention on nephropathy in overweight or obese adults with type 2 diabetes: a 
secondary analysis of the Look AHEAD randomised clinical trial. Lancet Diabetes 
Endocrinol. (2014) 2:801–9. doi: 10.1016/S2213-8587(14)70156-1

 32. Knowler WC, Chen H, Bahnson JL, Kahn SE, Lewis CE, Nathan DM, et al. Within 
and post-trial effects of an intensive lifestyle intervention on kidney disease in adults 
with overweight or obesity and type 2 diabetes mellitus: a secondary analysis of the Look 
AHEAD clinical trial. BMJ Open Diabetes Res Care. (2024) 12:e004079. doi: 
10.1136/bmjdrc-2024-004079

 33. Athinarayanan SJ, Roberts CGP, Vangala C, Shetty GK, McKenzie AL, Weimbs T, 
et al. The case for a ketogenic diet in the management of kidney disease. BMJ Open 
Diabetes Res Care. (2024) 12:e004101. doi: 10.1136/bmjdrc-2024-004101

https://doi.org/10.3389/fnut.2025.1609737
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2025.1609737/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2025.1609737/full#supplementary-material
https://doi.org/10.1093/ckj/sfae001
https://doi.org/10.1053/j.ajkd.2014.07.030
https://doi.org/10.1053/j.ajkd.2019.06.009
https://doi.org/10.1038/s41591-023-02418-0
https://doi.org/10.1681/ASN.2019010007
https://doi.org/10.1681/ASN.2019010008
https://doi.org/10.1681/ASN.2019010009
https://doi.org/10.1056/NEJMoa1811744
https://doi.org/10.1053/j.ajkd.2019.03.432
https://doi.org/10.1056/NEJMoa2024816
https://doi.org/10.1016/j.cmet.2021.02.016
https://doi.org/10.1111/dom.13224
https://doi.org/10.1016/j.cmet.2020.06.020
https://doi.org/10.2337/db15-1356
https://doi.org/10.2337/dc16-0542
https://doi.org/10.2337/dc24-S005
https://doi.org/10.3389/fendo.2019.00348
https://doi.org/10.1007/s13668-024-00548-6
https://doi.org/10.1007/s13300-018-0373-9
https://doi.org/10.1056/NEJMoa2102953
https://doi.org/10.1080/10705511.2016.1247646
https://doi.org/10.1186/s12933-018-0698-8
https://doi.org/10.1038/s41387-024-00285-3
https://doi.org/10.1056/NEJM199403313301301
https://doi.org/10.1016/j.xkme.2024.100814
https://doi.org/10.1056/NEJMc1713042
https://doi.org/10.1056/NEJMoa2403347
https://doi.org/10.1056/NEJMoa2025845
https://doi.org/10.1159/000445450
https://doi.org/10.2337/dc18-0277
https://doi.org/10.1016/S2213-8587(14)70156-1
https://doi.org/10.1136/bmjdrc-2024-004079
https://doi.org/10.1136/bmjdrc-2024-004101


Athinarayanan et al. 10.3389/fnut.2025.1609737

Frontiers in Nutrition 13 frontiersin.org

 34. Hopkins BD, Goncalves MD, Cantley LC. Insulin-PI3K signalling: an 
evolutionarily insulated metabolic driver of cancer. Nat Rev Endocrinol. (2020) 
16:276–83. doi: 10.1038/s41574-020-0329-9

 35. Liu Z, Li J, Lin S, Wu Y, He D, Qu P. PI3K regulates the activation of NLRP3 
inflammasome in atherosclerosis through part-dependent AKT signaling pathway. Exp 
Anim. (2021) 70:488–97. doi: 10.1538/expanim.21-0002

 36. Tourigny A, Charbonneau F, Xing P, Boukrab R, Rousseau G, St-Arnaud R, et al. 
CYP24A1 exacerbated activity during diabetes contributes to kidney tubular apoptosis 
via caspase-3 increased expression and activation. PLoS One. (2012) 7:e48652. doi: 
10.1371/journal.pone.0048652

 37. Wu T, Ding L, Andoh V, Zhang J, Chen L. The mechanism of hyperglycemia-
induced renal cell injury in diabetic nephropathy disease: an update. Life. (2023) 13:539. 
doi: 10.3390/life13020539

 38. Unwin D, Unwin J, Crocombe D, Delon C, Guess N, Wong C. Renal function in 
patients following a low carbohydrate diet for type 2 diabetes: a review of the literature 
and analysis of routine clinical data from a primary care service over 7 years. Curr Opin 
Endocrinol Diabetes Obes. (2021) 28:469–79. doi: 10.1097/MED.0000000000000658

 39. Tirosh A, Golan R, Harman-Boehm I, Henkin Y, Schwarzfuchs D, Rudich A, et al. 
Renal function following three distinct weight loss dietary strategies during 2 years of a 
randomized controlled trial. Diabetes Care. (2013) 36:2225–32. doi: 10.2337/dc12-1846

 40. Volek JS, Phinney SD, Forsythe C, Quann EE, Wood RJ, Pugliisi MJ, et al. 
Carbohydrate restriction has a more favorable impact on the metabolic syndrome than 
a low fat diet. Lipids. (2015) 44:297–309. doi: 10.1007/s11745-009-3274-2

 41. Kim HA, Jang HN, Kong SH, Lee Y, Choi SH, Cho YM, et al. Ketonuria as an indicator 
of improvement of renal function in patients with type 2 diabetes receiving SGLT2 inhibitor 
treatment. Endocrinol Metab. (2024) 39:653–8. doi: 10.3803/EnM.2024.1919

 42. Cukoski S, Lindemann CH, Arjune S, Todorova P, Brecht T, Kühn A, et al. Feasibility 
and impact of ketogenic dietary interventions in polycystic kidney disease: KETO-ADPKD—a 
randomized controlled trial. Cell Rep Med. (2023) 4:101283. doi: 10.1016/j.xcrm.2023.101283

 43. Cukoski S, Kühn A, Lindemann CH, Arjune S, Meyer F, Schomig T, et al. #2160 ketosis 
moderates the effect on kidney volume in dietary interventions for ADPKD—more insights 
on the KETO ADPKD trial. Nephrol Dial Transplant. (2024) 39. doi: 10.1093/ndt/gfae069.738

 44. Bruen DM, Kingaard JJ, Munits M, Paimanta CS, Torres JA, Saville J, et al. Ren.Nu, a 
dietary program for individuals with autosomal-dominant polycystic kidney disease 
implementing a sustainable, plant-focused, kidney-safe, ketogenic approach with avoidance 
of renal stressors. Kidney Dial. (2022) 2:183–203. doi: 10.3390/kidneydial2020020

 45. Friedman AN, Ogden LG, Foster GD, Klein S, Stein R, Miller B, et al. Comparative 
effects of low-carbohydrate high-protein versus low-fat diets on the kidney. Clin J 
Am Soc Nephrol. (2012) 7:1103–11. doi: 10.2215/CJN.11741111

 46. Friedman AN, Chambers M, Kamendulis LM, Temmerman J. Short-term changes 
after a weight reduction intervention in advanced diabetic nephropathy. Clin J Am Soc 
Nephrol. (2013) 8:1892–8. doi: 10.2215/CJN.04010413

 47. Bruci A, Tuccinardi D, Tozzi R, Balena A, Santucci S, Frontani R, et al. Very low-
calorie ketogenic diet: a safe and effective tool for weight loss in patients with obesity 
and mild kidney failure. Nutrients. (2020) 12:333. doi: 10.3390/nu12020333

 48. Facchini FS, Saylor KL. A low-iron-available, polyphenol-enriched, carbohydrate-
restricted diet to slow progression of diabetic nephropathy. Diabetes. (2003) 52:1204–9. 
doi: 10.2337/diabetes.52.5.1204

 49. Ren Q, Zhou Y, Luo H, Chen G, Han Y, Zheng K, et al. Associations of low-
carbohydrate with mortality in chronic kidney disease. Ren Fail. (2023) 45:2202284. doi: 
10.1080/0886022X.2023.2202284

 50. Komada T, Muruve DA. The role of inflammasomes in kidney disease. Nat Rev 
Nephrol. (2019) 15:501–20. doi: 10.1038/s41581-019-0158-z

 51. Shahzad K, Bock F, Dong W, Wang H, Kopf S, Kohli S, et al. Nlrp3-inflammasome 
activation in non-myeloid-derived cells aggravates diabetic nephropathy. Kidney Int. 
(2015) 87:74–84. doi: 10.1038/ki.2014.271

 52. Fang Y, Wang B, Pang B, Zhou Z, Xing Y, Pang P, et al. Exploring the relations of 
NLR, hsCRP and MCP-1 with type 2 diabetic kidney disease: a cross-sectional study. Sci 
Rep. (2024) 14:3211. doi: 10.1038/s41598-024-53567-2

 53. Jaaban M, Zetoune AB, Hesenow S, Hessenow R. Neutrophil-lymphocyte ratio and 
platelet-lymphocyte ratio as novel risk markers for diabetic nephropathy in patients with 
type 2 diabetes. Heliyon. (2021) 7:e07564. doi: 10.1016/j.heliyon.2021.e07564

 54. Kim J, Song SH, Oh TR, Suh SH, Choi HS, Kim CS, et al. Prognostic role of the 
neutrophil-to-lymphocyte ratio in patients with chronic kidney disease. Korean J Intern 
Med. (2023) 38:725–33. doi: 10.3904/kjim.2023.171

 55. Wan H, Wang Y, Fang S, Chen Y, Zhang W, Xia F, et al. Associations between the 
neutrophil-to-lymphocyte ratio and diabetic complications in adults with diabetes: a 
cross-sectional study. J Diabetes Res. (2020) 2020:6219545. doi: 10.1155/2020/6219545

 56. Li X, Wang L, Liu M, Zhou H, Xu H. Association between neutrophil-to-
lymphocyte ratio and diabetic kidney disease in type 2 diabetes mellitus patients: a 
cross-sectional study. Front Endocrinol (Lausanne). (2024) 14:1285509. doi: 
10.3389/fendo.2023.1285509

 57. Tutan D, Doğan M. Evaluation of neutrophil/lymphocyte ratio, low-density 
lipoprotein/albumin ratio, and red cell distribution width/albumin ratio in the 
estimation of proteinuria in uncontrolled diabetic patients. Cureus. (2023) 15:e44497. 
doi: 10.7759/cureus.44497

 58. Assulyn T, Khamisy-Farah R, Nseir W, Bashkin A, Farah R. Neutrophil-to-
lymphocyte ratio and red blood cell distribution width as predictors of 
microalbuminuria in type 2 diabetes. J Clin Lab Anal. (2020) 34:e23259. doi: 
10.1002/jcla.23259

 59. Subramani M, Anbarasan M, Shanmugam D, Muthumani LN, Vasudevan P. 
Role of neutrophil-lymphocyte ratio as a prognostic marker for type 2 diabetic 
nephropathy among Indians. Bioinformation. (2023) 19:375–9. doi: 10.6026/ 
97320630019375

https://doi.org/10.3389/fnut.2025.1609737
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/s41574-020-0329-9
https://doi.org/10.1538/expanim.21-0002
https://doi.org/10.1371/journal.pone.0048652
https://doi.org/10.3390/life13020539
https://doi.org/10.1097/MED.0000000000000658
https://doi.org/10.2337/dc12-1846
https://doi.org/10.1007/s11745-009-3274-2
https://doi.org/10.3803/EnM.2024.1919
https://doi.org/10.1016/j.xcrm.2023.101283
https://doi.org/10.1093/ndt/gfae069.738
https://doi.org/10.3390/kidneydial2020020
https://doi.org/10.2215/CJN.11741111
https://doi.org/10.2215/CJN.04010413
https://doi.org/10.3390/nu12020333
https://doi.org/10.2337/diabetes.52.5.1204
https://doi.org/10.1080/0886022X.2023.2202284
https://doi.org/10.1038/s41581-019-0158-z
https://doi.org/10.1038/ki.2014.271
https://doi.org/10.1038/s41598-024-53567-2
https://doi.org/10.1016/j.heliyon.2021.e07564
https://doi.org/10.3904/kjim.2023.171
https://doi.org/10.1155/2020/6219545
https://doi.org/10.3389/fendo.2023.1285509
https://doi.org/10.7759/cureus.44497
https://doi.org/10.1002/jcla.23259
https://doi.org/10.6026/97320630019375
https://doi.org/10.6026/97320630019375

	Effects of a continuous remote care intervention including nutritional ketosis on kidney function and inflammation in adults with type 2 diabetes: a post-hoc latent class trajectory analysis
	1 Introduction
	2 Materials and methods
	2.1 Study design and participants
	2.2 Outcomes
	2.3 Aims
	2.4 Statistical analysis
	2.4.1 eGFR slope in CCI versus UC
	2.4.2 Association of eGFR improvement with predictors
	2.4.3 Latent class trajectory modeling (LCTM)
	2.4.4 eGFR slope in ketosis classes within CCI versus UC
	2.4.5 eGFR changes and category transition among those with stage 3 kidney disease
	2.4.6 Inflammatory markers and blood urea nitrogen

	3 Results
	3.1 eGFR slope in CCI versus UC
	3.2 Association of eGFR improvement with predictors
	3.3 The CCI group can be sub-classified into four ketosis classes based on achieved BHB levels
	3.4 Dose-dependent effect of ketosis adherence on eGFR slope improvement
	3.5 eGFR changes and category transition among those with stage 3a or higher kidney disease (eGFR<60)
	3.6 Inflammatory markers and blood urea nitrogen

	4 Discussion
	4.1 eGFR slope
	4.2 Association of ketones with eGFR improvement
	4.3 Inflammation
	4.4 Strengths and limitations

	5 Conclusion

	References

