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Obesity is postulated to independently increase chronic
kidney disease (CKD), even after adjusting for type 2 di-
abetes (T2D) and hypertension. Dysglycemia below T2D
thresholds, frequently seen with obesity, also increases
CKD risk. Whether obesity increases CKD independent
of dysglycemia and hypertension is unknown and likely
influences the optimal weight loss (WL) needed to re-
duce CKD. T2D remission rates plateau with 20–25%
WL after bariatric surgery (BS), but further WL increases
normoglycemia and normotension. We undertook bidi-
rectional inverse variance weighted Mendelian random-
ization (IVWMR) to investigate potential independent
causal associations between increased BMI and esti-
mated glomerular filtration rate (eGFR) in CKD (CKDeGFR

(<60 mL/min/1.73 m2) and microalbuminuria (MA). In
5,337 BS patients, we assessed whether WL influences
>50% decline in eGFR (primary outcome) or CKD hospi-
talization (secondary outcome), using <20% WL as a
comparator. IVWMR results suggest that increased BMI
increases CKDeGFR (b = 0.13, P = 1.64 × 1024; odds ratio
[OR] 1.14 [95% CI 1.07, 1.23]) and MA (b = 0.25; P = 2.14 ×
1024; OR 1.29 [1.13, 1.48]). After adjusting for hyperten-
sion and fasting glucose, increased BMI did not signifi-
cantly increase CKDeGFR (b = 20.02; P = 0.72; OR 0.98

[0.87, 1.1]) or MA (b = 0.19; P = 0.08; OR 1.21 [0.98, 1.51]).
Post-BS WL significantly reduced the primary outcome
with 30 to <40%WL (hazard ratio [HR] 0.53 [95%CI 0.32,
0.87]) but not 20 to <30% WL (HR 0.72 [0.44, 1.2]) and
$$40%WL (HR 0.73 [0.41, 1.30]). For CKD hospitalization,
progressive reduction was seen with increased WL,
which was significant for 30 to <40% WL (HR 0.37 [0.17,
0.82]) and $$40% WL (HR 0.24 [0.07, 0.89]) but not 20 to
<30% WL (HR 0.60 [0.29, 1.23]). The data suggest that
obesity is likely not an independent cause of CKD. WL
thresholds previously associated with normotension
and normoglycemia, likely causal mediators, may re-
duce CKD after BS.

ARTICLE HIGHLIGHTS

• Obesity is likely not an independent contributor to
chronic kidney disease (CKD).

• Obesity likely contributes to CKD via effects on glyce-
mia and blood pressure.

• Weight loss at thresholds associated with normogly-
cemia and normotension may reduce CKD.
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Obesity is a risk factor for chronic kidney disease (CKD),
a rising health care burden worldwide that increases mor-
bidity and premature mortality (1,2). Observational stud-
ies suggest that obesity may increase CKD, independent
of metabolic risk factors such as type 2 diabetes (T2D)
and hypertension (3–11). Unlike observational data, Men-
delian randomization (MR) is less prone to confounding
and can be used to infer causal associations between
an exposure and outcome (12). A prior MR study sug-
gested a causal association between increased BMI and
CKD but not increased waist-to-hip ratio (a phenotype
more strongly associated with metabolic disease) (13).
Multivariable MR studies indicate that increased BMI
increases CKD, even after adjusting for hypertension
and/or T2D, and has been proposed to be an indepen-
dent causal factor for CKD (14,15). Dysglycemia and el-
evated fasting glucose (FG) in the non-T2D range have
been implicated in glomerular hyperfiltration and asso-
ciated with CKD in both observational and MR studies
(16–19) and may potentially contribute to obesity-associated
CKD. Thus, whether obesity is truly an independent causal
factor for CKD after adjusting for dysglycemia and hyper-
tension is not known but may inform future strategies
to reduce/prevent CKD, including weight loss (WL)–based
interventions.

Although WL can potentially reduce/prevent CKD, the
optimal amount of WL needed to reduce CKD is unknown
and likely depends on the underlying etiology of obesity-
associated CKD. Bariatric surgery (BS) is the most effica-
cious WL intervention and has shown reductions in esti-
mated glomerular filtration rate (eGFR)–based measures
of CKD (CKDeGFR) (20,21) in observational studies and
microalbuminuria (MA) in people with T2D in a random-
ized control trial (22). Remission rates of T2D (defined as
hemoglobin A1c [HbA1c] <6.5%) after BS plateau after a
WL in the 20–25% range (23). WL above this threshold
has been associated with an increased likelihood of nor-
malization of glycemia (HbA1c <6%) and achievement of
normotension (24–26).

In this study, we undertook bidirectional MR to assess
potential causal associations between BMI and CKDeGFR

(stage III CKD or worse defined by eGFR <60 mL/min/
1.73 m2) (27) and the presence of MA (urinary albumin-
to-creatinine ratio [UACR] >25 mg/g in women or >17
mg/g in men) in people of European descent using sum-
mary statistics from the largest genome-wide association
studies (GWAS). Consistent with prior studies, we found
suggestive causal associations between BMI and CKD
(14,15) and, therefore, undertook multivariable MR
analysis to assess to what extent these potential causal
associations are independent of increased FG, T2D,
and hypertension. Finally, we assessed the association
between WL within 1 year of BS and a 50% decline in
eGFR (primary outcome) and CKD hospitalization (sec-
ondary outcome).

RESEARCH DESIGN AND METHODS

MR Studies

Cohorts
MR analyses were undertaken in participants of European
ancestry using summary statistics from the largest pub-
lished GWAS. The instruments for glycemic parameters
include GWAS of fasting glucose undertaken in people with-
out T2D (i.e., variation in FG in the non-T2D range), as
well as GWAS in T2D case and control cohorts (28–34)
(Table 1). Informed consent and institutional approval were
previously obtained by the individual cohort investigators.

Primary MR Analyses
For our primary analysis, we undertook bidirectional MR
with CKDeGFR and MA as outcomes and BMI as exposure
with subsequent multivariable MR adjusted for hyperten-
sion, T2D, and FG. P < 0.05 was considered significant
for each analysis. The recently published Strengthening
the Reporting of Observational Studies in Epidemiology
using MR reporting guideline (35) has been incorporated
in this article (Supplementary File 1).

Additional Analyses. We also undertook additional bidi-
rectional MR analysis assessing the effect of BMI as expo-
sures on UACR and eGFR creatinine and cystatin C–based
eGFR measures.

MR Assumptions. First, the instrument is robustly associ-
ated with the exposure; thus, we used single nucleotide
polymorphisms (SNPs) that were associated with the expo-
sure at genome-wide significance (12). Second, there is no
horizontal pleiotropy, meaning that the instrument does
not influence the outcome via another pathway other than
the outcome (12). Finally, the instrument is not influenced
by any confounders (12). For bidirectional MR, we used in-
verse variance weighted (IVW) MR (IVWMR) and additional
sensitivity analyses, including MR-Egger, weighted median,
weighted mode, and leave-one-out analyses.

IVWMR was analyzed using meta-analysis of the indi-
vidual Wald ratio for each SNP. By permitting the IVW to
have a nonzero intercept, MR-Egger relaxes the assump-
tion of no horizontal pleiotropy and returns an unbiased
causal estimate, in the case of horizontal pleiotropy, pro-
vided that the horizontal pleiotropic effects are not corre-
lated with the SNP-exposure effects (instrument strength
independent of direct effect assumption) (12,36). The me-
dian effect of all SNPs in the instrument was used for
analysis using weighted median MR, allowing SNPs with a
greater effect on the association to be evaluated by
weighting the contribution of each SNP by the inverse
variance of its association with the outcome (37). Even if
only 50% of the SNPs satisfy all three MR assumptions,
the method is robust (37). Finally, SNPs were clustered
into groups based on similarity of causal effects for
weighted mode MR, with the cluster with the largest
number of SNPs deriving the causal effect estimate (38).
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To assess heterogeneity, Cochran Q test was used, while
leave-one-out analysis was conducted to assess whether
any MR estimate was biased by a single SNP potentially
with horizontal pleiotropic effect (12). F statistics were
calculated manually for continuous exposures (12,39,40).

Univariable MR was conducted using the TwoSam-
pleMR package in R (RStudio version 1.3.1073 and R ver-
sion 4.0.3). Linkage disequilibrium pruning was used to
select a proxy (r2 >0.8) if a SNP was not directly matched
from the 1000 Genomes Project. The ggplot2 and meta-
phor packages in R were used to create plots.

We undertook multivariable IVWMR to assess the ef-
fect of BMI on CKD independent of hypertension, T2D,
and FG (41). Our data indicate a significant correlation
between the effects of BMI-associated SNPs on FG and
T2D (Spearman rank correlation r = 0.37; S = 527,411;
P = 7.9 × 10�7). The correlation remained significant after
removing four SNPs that were genome-wide significant for
both traits (Spearman r = 0.32; S = 527,412; P = 2.4 ×
10�5) (Supplementary File 5). Given the potential collinear-
ity between the traits, we undertook an analysis adjusted
for each glycemic trait individually and in combination with
hypertension. Multivariable MR was conducted using the
TwoSampleMR, Multivariable MR, and RMultivariable MR
packages in R, where the latter two packages assessed het-
erogeneity via Cochran Q test and strength of the instru-
ment via F statistics (39,41). Plots were generated using
plotobject in R.

Overlap Between Exposure and Outcome Cohorts
A total of 456,426 participants from the UK Biobank com-
posed�67% of the Genetic Investigation of Anthropomet-
ric Traits (GIANT)/UK Biobank GWAS of BMI, 69% of the

Diabetes Genetics Replication and Meta-analysis (DIAGRAM)/
Genetic Epidemiology Research on Aging (GERA)/UK Bio-
bank GWAS of T2D, and 80% of the Chronic Kidney Dis-
ease Genetics (CKDGEN) GWAS of CKD.

Observation Study in a Cohort of Patients Who
Underwent BS

Study Design
We conducted a retrospective cohort study using popula-
tion-level health care administrative databases in Ontario,
Canada. The data sources included the Ontario Bariatric
Registry, which provides information on patients assessed
at bariatric centers and whether they eventually had sur-
gery. Other data sources included the Discharge Abstracts
Database, which includes detailed information on all hospi-
tal admissions in Ontario; the Registered Persons Database,
with demographic information on all Ontario residents; and
the Ontario Laboratory Information System to which all
community and most hospital-based laboratories have grad-
ually enrolled since 2006 to contribute laboratory test re-
sults. These data sets were linked using unique encoded
identifiers and analyzed at ICES. We have received institu-
tional ethics approval for the study.

Patients
We identified all people who underwent primary BS be-
tween April 2010 and October 2016. Exclusion criteria in-
cluded residence outside of Ontario, a diagnosis of CKD
prior to surgery, eGFR of #45 mL/min/1.73 m2 at base-
line, last eGFR before index date of #0.6× baseline eGFR,
no weight recorded at either the 6- or 12-month follow-
up visit at the bariatric center, death or left Ontario in the
first 12 months after surgery, and no eGFR measurements

Table 1—Cohort details

Trait Population cohort
Mean age,

years
Female,

%
Sample
size, n

Study
participants, n

Control
participants, n PMID

BMI GIANT/UK Biobank 55.5/56.9* 54.0/54.2* 681,275 30124842

WHR GIANT/UK Biobank 55.5/56.9* 54.0/54.2* 694,649 30239722

Hypertension UK Biobank 56.9* 54.2* 463,010 54,358 408,652 GWAS ID:
ukb-b-12493a

T2D DIAGRAM/GERA/
UK Biobank

54.1/63.3/56.9* 50.1/59.0/54.2* 655,666 61,714 593,952 30054458

FG MAGIC 50.9 47.7 133,010 22885924

CKD CKDGen 54.0 50.0 625,219 64,164 561,055 31152163

UACR CKDGen 57.0 54.4 547,361 31511532

MA CKDGen 57.0 53.0 54,116 54,116 26631737

eGFR creatinine CKDGen 54.0 50.0 567,460 31152163

All participants were of European descent. MAGIC, Meta-analyses of Glucose and Insulin-Related Traits Consortium; PMID,
PubMed Identifier; WHR, waist-to-hip ratio. *Study-specific characteristics were not available for all UK Biobank data and were ex-
trapolated from data available. aOutput from Medical Research Council Integrative Epidemiology Unit GWAS pipeline analysis us-
ing Phesant-derived variables from UK Biobank, version 2 (https://doi.org/10.5523/bris.pnoat8cxo0u52p6ynfaekeigi). DIAGRAM,
Diabetes Genetics Replication and Meta-analysis; GERA, Genetic Epidemiology Research on Aging; CKDGEN, Chronic Kidney Dis-
ease Genetics; MRC-IEU, Medical Research Council Integrative Epidemiology Unit.
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in the year prior to surgery or after surgery. The final sam-
ple size was 5,337 (Supplementary File 4).

Variables
By comparing the lower of weights recorded at the 6- and
12-month follow-up visit with the baseline weight, we cal-
culated the percentage of WL achieved, categorized into
<20%, 20 to <30%, 30 to <40%, and $40%. The pri-
mary outcome was a 50% reduction from baseline in
eGFR. Reduction of eGFR of this magnitude is associated
with an increased risk of end-stage CKD and death and

has been used in clinical trials (42–44). eGFR was calcu-
lated using the Chronic Kidney Disease Epidemiology Col-
laboration 2021 equation (45):

eGFR ¼ 142*min
Scr
k

, 1

� �a

*max
Scr
k

, 1

� ��1:200

*0:9938Age*d,

where Scr = serum creatinine value (mg/dL), k = 0.7
for females and 0.9 for males, a = �0.241 for females
and �0.302 for males, Age = age of person in years at
time of test, and d = 1.012 for females and 1 for males.

0.025

0.000

0.025

0.050

0.02 0.04 0.06

MR Test

Inverse variance weighted

MR Egger

Simple mode

Weighted median

Weighted mode

A

SNP effect on body mass index

S
N

P
 e

ffe
ct

 o
n 

C
K

D

Figure 1—Univariable and multivariable MR analysis. The exposure is BMI adjusted for hypertension, T2D, and FG. The outcome is CKD (eGFR
<60 mL/min/1.73 m2) as a binary outcome. A: Scatter plot showing the SNPs associated with BMI against SNPs associated with CKD (vertical
and horizontal gray lines around points show 95% CI for five different MR association tests. B: Funnel plot of the effect size against the inverse of
the SE for each SNP.C: Multivariable MR analyses of increased BMI adjusted for covariates on CKD as the outcome.
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The secondary outcome was first hospitalization for
CKD based on the following hospital diagnostic codes:
ICD-9 (4030, 4031, 4039, 4040, 4041, 4049, 585,586,

5888, 5889, 2504) and ICD-10 (E102, E112, E132, E142,
I12, I13, N08, N18, N19). Outcome ascertainment started
1 year after surgery and ended 31 March 2020.

2

4

6

2 0 2 4

IV

1
S

E
IV

MR Method Inverse variance weighted MR EggerB

C

Figure 1—Continued
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Baseline characteristics ascertained for each patient in-
cluded age, sex, income (defined ecologically based on
neighborhood-level median household income, divided
into quintiles), rurality of residence (46), and prior history
of diabetes (47). In addition, the following comorbidities
were ascertained from the Ontario Bariatric Registry: hy-
pertension, dyslipidemia, and vascular disease (coronary
artery disease, cerebrovascular disease, or heart failure)
(48).

Statistical Analysis
Baseline characteristics of the cohort, stratified by the ex-
posure variable, were compared using ANOVA for contin-
uous variables and x2 tests for categorical variables.
Multiple imputation, using five imputed data sets, was
used to impute the random missing values for baseline
characteristics (49): the number of missing values is in-
cluded in Table 4. Cox proportional hazards models were
fit for each primary and secondary outcome, adjusting for
the baseline characteristics and baseline eGFR. The Cox
proportional hazards model assumptions were verified
with weighted Schoenfeld residuals. Modeling with re-
stricted cubic splines (50) indicated a nonlinear relation-
ship between WL and the primary outcome and linear
relationship for the secondary outcome. We therefore as-
sessed outcomes by WL category for the primary out-
come. For the secondary outcome, we undertook analyses
using WL as a continuous variable. For the primary out-
come, patients were censored at the last available eGFR
result in the Ontario Laboratory Information System. For
the secondary outcome, patients were censored on death
or the end of follow-up. We also undertook additional
Fine-Gray model analyses with death as a competing risk
factor for the secondary outcome (51) but not the pri-
mary outcome (as everyone included in the analyses had
an eGFR measurement and were alive). Analyses were re-
peated among the subgroup of patients who had a history
of diabetes prior to surgery.

Data and Resource Availability
All data are included in the article.

RESULTS

MR Studies

Primary Outcome
MR Analyses of BMI as Exposure and CKD (eGFR <60
mL/min/1.73 m2) as Outcome. Consistent with previous
data, MR suggested that increased BMI increases CKD
(b = 0.134; P = 1.64 × 10�4; odds ratio [OR] 1.143 [95%
CI 1.066, 1.226]), which remained significant after adjust-
ing for T2D and hypertension (b = 0.124; P = 0.011; OR
1.132 [1.028, 1.246]). However, the effect was not signifi-
cant after adjusting for hypertension and FG (b = �0.02;
P = 0.72; OR 0.98 [0.87, 1.10) (Table 2, Fig. 1, and
Supplementary File 2). Mediation analysis indicates hy-
pertension mediated �40% and elevated glucose �45%

of the effect of obesity and in combination, likely entirely
mediated the effect of increased BMI on CKD (Fig. 1).

MR Analyses of BMI as Exposure and MA as Outco-
me. Univariable MR indicated that increased BMI in-
creases MA (b = 0.255; P = 2.14 × 10�4; OR 1.291 [95%
CI 1.128, 1.478]). This finding was not significant after
adjustment for hypertension and T2D (b = 0.141; P =
0.117; OR 1.151 [0.965, 1.372), consistent with prior
data. Mediation analysis indicated that hypertension me-
diates �11% and T2D �48%, with a combined estimate
of �52% of the effect of increased BMI on MA. Similarly,
multivariable MR suggested that elevated FG is a likely
contributor to BMI-associated MA. The causal association
between increased BMI and MA was not significant after
adjustment for hypertension and FG (b = 0.19; P = 0.08;
OR 1.21 [0.98, 1.51]) (Table 2, Fig. 2, and Supplementary
File 2). In combination, hypertension and increased FG
are estimated to mediate �20% of the effect of increased
BMI on MA (Fig. 2).

Reverse MR Analyses of CKD and MA as Exposure on
BMI as Outcome. We did not find evidence that CKD
defined by eGFR <60 mL/min/1.73 m2 (b = 0.009; P =
0.495) or presence of MA (b = 0.003; P = 0.835) increased
BMI (Supplementary File 3).

Additional Analyses
Univariable MR indicated that increased BMI decreases
UACR (b = �0.031 ± 0.011; P = 0.004) (Table 3). Multi-
variable MR after adjustment for hypertension and T2D
(b = �0.071; P = 3.9 × 10�7) and hypertension and FG
(b = �0.061; P = 0.001) indicated that BMI decreases
UACR. Univariable MR indicated that increased BMI re-
duces cystatin C–based eGFR (b = �0.05; P = 6.8 × 10�16),
which remained significant after adjustment for hyperten-
sion and T2D (�0.05; P = 1 × 10�8) and hypertension
and FG (b = �0.03; P = 0.03) (Table 3). Univariable MR
suggested that increased BMI did not affect creatinine-
based eGFR (b = �0.0004; P = 0.8) (Table 3). We did not
find MR evidence that creatinine- or cystatin C–based
measures of eGFR or UACR impacts BMI (Supplementary
File 3).

Observation Studies in Patients Undergoing BS
The total sample size was 5,337. Baseline demographic
features are listed in Table 4. Older age, male sex, rural lo-
cation, presence of T2D, hypertension, hyperlipidemia,
and vascular disease were associated with reduced WL at
1 year after BS, as well as more frequent measurement of
creatinine and a consequently shorter interval between
baseline measurement and surgery. The median follow-up
was 4.63 (interquartile range [IQR] 3.35–5.81) years for
the primary outcome and 5.53 (IQR 4.23–6.45) years for
the secondary outcome.
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Primary Outcome: WL Categories and Primary Outcome
of >50% Decline in eGFR
There were 172 events among 5,337 patients. In unad-
justed models, WL of 20 to <30% (3.6%), 30 to <40%
(2.5%), and $40% (3.2%) was associated with a reduction
in the primary outcome compared with <20% (5.2%;
P = 0.02). After adjustment for covariates, WL was as-
sociated with a reduction in the primary outcome,
which was significant for the 30 to <40% group (haz-
ard ratio [HR] 0.53 [95% CI 0.32, 0.87]) (Fig. 3) but
not the 20 to <30% group (HR 0.72 [0.44, 1.2]) or the

$40% group (HR 0.73 [0.4, 1.3]). Similar trends were
seen in the subgroup of patients with diabetes (n =
2,227 [41.7%]; 20–30% group: HR 0.61 [0.36, 1.05];
30–40% group: HR 0.4 [0.22, 0.72]; $40% group: HR
0.58 [0.28, 1.21]) (Fig. 3).

Secondary Outcome: WL and Hospitalization for CKD
There were 53 hospitalizations for CKD. In unadjusted
models, WL of 20 to <30% (1.3%), 30 to <40% (0.7%),
and $40% (0.4%) was associated with a reduction in
the secondary outcome compared with <20% (2.6%)
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(P = 0.0005). After adjustment for covariates, compared with
the <20% WL category, increased WL was associated with a
progressive reduction in CKD hospitalization, which was sig-
nificant for 30 to <40% (HR 0.37 [95% CI 0.17, 0.83]) and
$40% (HR 0.24 [0.07, 0.89]) WL but not 20 to <30% WL
(HR 0.60 [0.29, 1.23]). Fine-Gray analysis with death as a

competing outcome yielded similar estimates (20 to <30%
group: HR 0.63 [0.30, 1.3]; 30 to <40% group: HR 0.39
[0.17, 0.89]; $40% group: HR 0.26 [0.07, 0.97]) (Fig. 3).

Similar trends were seen in the diabetes subgroup (20
to <30% group: HR 0.71 [95% CI 0.32, 1.56]; 30 to
<40% group: HR 0.38 [0.16, 0.91]; $40% group: HR 0.33
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Figure 3—Outcomes after BS by WL category (20 to <30%, 30 to <40%, and $40%). The <20%WL group is the comparator. Each out-
come is presented for the whole cohort and the subgroup with diabetes. Lines indicate 95% CIs. A: Primary outcome ($50% reduction in
eGFR). B: Secondary outcome (CKD hospitalization). C: Secondary outcome with Fine-Gray analysis with death as a competing outcome.

506 Obesity and Chronic Kidney Disease Diabetes Volume 72, April 2023



[0.09, 1.25]). Fine-Gray analysis with death as a compet-
ing outcome yielded similar estimates (20 to <30% group:
HR 0.74 [0.33, 1.66]; 30 to <40% group: HR 0.40 [0.16,
0.97]; $40% group: HR 0.35 [0.09, 1.33]) (Fig. 3).

Assessment of WL as a continuous variable showed that
after adjustment for covariates, each 1% increase in WL
was associated with a further reduction in hospitalization

for CKD (HR 0.94 [95% CI 0.91, 0.98). Fine-Gray analysis
with death as a competing outcome yielded the same con-
clusion (HR 0.94 [0.91, 0.98]). Analysis of the patients with
diabetes was similar with each 1% additional WL associated
with an HR of 0.94 (0.91, 0.98). Fine-Gray analysis with
death as a competing outcome yielded similar estimates in
patients with diabetes (HR 0.95 [0.90, 0.99]).

Table 4—Baseline characteristics according to maximum WL categories for patients undergoing BS in the observational
study cohort

Maximum WL within 1 year postsurgery, % body weight

<20% 20 to <30% 30 to <40% $40% Missing value, n P

Participants, n 426 1,894 2,184 833

Age, years
Mean (SD) 48.81 (9.62) 47.35 (10.28) 45.58 (10.10) 43.41 (9.66) 0 <0.0001
Median (IQR) 50 (42–56) 48 (40–55) 46 (38–53) 43 (37–50) <0.0001

Sex, n (% female) 330 (77.5) 1,531 (80.8) 1,865 (85.4) 739 (88.7) <0.0001

Income quintile, n (%)
1 101 (23.7) 428 (22.6) 509 (23.3) 184 (22.1)

14

0.047
2 79 (18.5) 439 (23.2) 513 (23.5) 183 (22.0)
3 97 (22.8) 424 (22.4) 419 (19.2) 201 (24.1)
4 76 (17.8) 346 (18.3) 435 (19.9) 158 (19.0)
5 72 (16.9) 255 (13.5) 298 (13.6) 106 (12.7)

Rural residence, n (%)
No 375 (88.0) 1,640 (86.6) 1,819 (83.3) 692 (83.1) 0 0.003
Yes 51 (12.0) 254 (13.4) 365 (16.7) 141 (16.9)

Baseline BMI, kg/m2

Mean (SD) 48.32 (8.21) 48.95 (8.25) 48.92 (7.57) 50.68 (7.88) 9 <0.0001
Median (IQR) 47 (42–53) 47 (43–54) 48 (43–53) 49 (45–55) <0.0001

Diabetes, n (%)
No 193 (45.3) 969 (51.2) 1,363 (62.4) 585 (70.2) 0 <0.0001
Yes 233 (54.7) 925 (48.8) 821 (37.6) 248 (29.8)

Hypertension, n (%)
Missing data 3 (0.7) 4 (0.2) 3 (0.1) 0 (0.0)

10
<0.0001

No 172 (40.4) 871 (46.0) 1,125 (51.5) 478 (57.4)
Yes 251 (58.9) 1,019 (53.8) 1,056 (48.4) 355 (42.6)

Hyperlipidemia, n (%)
Missing data 4 (0.9) 4 (0.2) 4 (0.2) 2 (0.2)

14
<0.0001

No 237 (55.6) 1,143 (60.3) 1,458 (66.8) 599 (71.9)
Yes 185 (43.4) 747 (39.4) 722 (33.1) 232 (27.9)

Vascular composite, n (%)
Missing data 4 (0.9) 5 (0.3) 3 (0.1) 2 (0.2)

14
0.0292

No 370 (86.9) 1,716 (90.6) 1,976 (90.5) 761 (91.4)
Yes 52 (12.2) 173 (9.1) 205 (9.4) 70 (8.4)

Baseline serum creatinine, mmol/L
Mean (SD) 68.57 (15.46) 66.06 (13.37) 65.73 (12.89) 65.53 (12.60) 0 0.0004
Median (IQR) 67 (58–76) 65 (57–74) 65 (57–72) 64 (57–72) 0.0066

Baseline eGFR, mL/min/1.73 m2

Mean (SD) 98.27 (16.79) 101.36 (15.40) 102.26 (15.32) 103.15 (15.52) 0 $ <0.0001
Median (IQR) 101 (88–110) 104 (91–113) 105 (94–113) 106 (93–115) <0.0001

Days from baseline creatinine
measurement to surgery

Mean (SD) 111.30 (107.40) 118.13 (108.33) 133.76 (110.07) 146.44 (110.78) <0.0001
Median (IQR) 64 (19–190) 79 (21–211) 115 (26–229) 143 (32–240) <0.0001

Cox proportional hazards models were fit for each primary and secondary outcome, adjusting for the baseline characteristics and
baseline eGFR. Multiple imputation was used to impute missing values. ANOVA tests were used for continuous variables, and x2

tests were used for categorical variables.
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DISCUSSION

Observational and MR studies have suggested that obesity
may be an independent cause of CKD based on an in-
creased risk of CKD after adjusting for T2D and hyperten-
sion (3–6,13–15). Findings from our MR analyses suggest
that obesity is likely not an independent cause of CKD but,
rather, the effect is mediated by hypertension and dysgly-
cemia. Notably, elevated FG in the non-T2D range is likely
a significant contributor to both eGFR-based measures of
CKD and MA in people with obesity. The mediation analy-
sis findings suggest that increased FG is likely the largest
contributor to the creatinine-derived eGFR measure of
CKD, while T2D is the biggest contributor to MA. Concor-
dant with MR analysis, WL at thresholds previously associ-
ated with normoglycemia and normotension is associated
with reduced CKD outcomes after BS. WL of 30 to <40%
was associated with significantly reduced primary (50% de-
cline in eGFR) and secondary CKD outcome (hospitaliza-
tion for CKD), while $40% WL was associated with a
significantly greater reduction in the secondary outcome.
Prior data suggests T2D remission rates plateau with
20–25% WL, but further WL is associated with increased
normoglycemia and normotension (23–26,52). The reduc-
tion in the primary outcome did not reach statistical signif-
icance with $40% weight loss, which likely reflects the
smaller sample size for this category and hence merits
some caution in interpretation. Given the nonlinear rela-
tionship between WL and the primary outcome, studies
with a larger sample size will likely yield more definitive in-
sights into the relationship between the amount of WL and
reduction in eGFR. Subgroup analyses in people with T2D
yielded generally similar findings for both the primary and
secondary outcome. Whether achieving normoglycemia and
normotension via means other than WL/BS also reduces
obesity-associated CKD outcomes remains to be determined.

Our MR analyses suggests that increased BMI increases
eGFR estimated by cystatin C measurement, even after
adjustment for hypertension, increased FG, and/or T2D.
However, previous work suggests that increased BMI, dia-
betes, and inflammation can underestimate eGFR based on
cystatin C measurement compared with direct measures of
eGFR, thus precluding definitive conclusions from these
data (53). Consistent with prior data (14), we also report
that increased BMI decreases UACR but with no effect on
eGFR. We did not have individual-level data on participants,
including medication use. Greater use of renoprotective
medications in people with a higher BMI may plausibly ex-
plain these findings. Illustrating this, recent MR analyses
suggest that increased BMI lowers apolipoprotein B likely
because of the confounding effects of cholesterol-lowering
medication, an effect not seen when analyzing people not
taking statins (54).

The strengths of this study include MR analyses with
the largest available GWAS in populations of European
descent along with observational data from patients un-
dergoing BS. However, this study has several limitations.

We used a creatinine-based diagnosis of CKD, which is an
indirect measure of renal function and can be affected by
muscle mass. Similarly, cystatin C–based measures of
eGFR can be underestimated with increased BMI, diabe-
tes, and inflammation (53). The retrospective observa-
tional nature of the BS cohort with potential uncaptured
confounders is a major limitation; however, these limita-
tions are less likely with MR analyses. There was a >50%
sample overlap between MR population cohorts, which
can overestimate the effect size when weak instrument
bias is present, although this effect is attenuated by the
strength of the instruments (40). The MR analyses was
undertaken in European populations and may not trans-
late to other ethnic groups. The greater availability of
genetic data from other ethnicities will enable similar
analyses in these cohorts. Although we do not have data
on ethnicity in our BS cohort, previous data suggests that
�20% of patients undergoing BS are of non-European an-
cestry (55). Lack of individual-level data, including medi-
cations, is a limitation of our analyses. We also do not
have details on the type of BS performed, MA/protein-
uria, and longer-term WL.

In summary, the MR analyses suggest that obesity is likely
not an independent causal factor for CKD, with its deleterious
renal effects mediated by dysglycemia and hypertension.
These data underscore the likely causal role of hyperglycemia
below the T2D threshold to obesity-associated CKD.WL at or
above thresholds known to improve/remit these cardiometa-
bolic parameters are associated with reduced CKD outcomes
after BS, and these findings await confirmation with well-
powered prospective studies. Whether achieving normoglyce-
mia and normotension in the absence of WL reduces CKD
also awaits independent confirmation.
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