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BACKGROUND: Identifying markers of chronic kidney
disease (CKD) that occur early in the disease process and
are specific to loss of kidney function rather than other
underlying causes of disease may allow earlier, more ac-
curate identification of patients who will develop CKD.
We therefore sought to identify diagnostic blood markers
of early CKD that are caused by loss of kidney function
by using an innovative “reverse Mendelian randomiza-
tion” (MR) approach.

METHODS: We applied this technique to genetic and bio-
marker data from 4147 participants in the Outcome Re-
duction with Initial Glargine Intervention (ORIGIN)
trial, all with known type 2 diabetes, impaired fasting
glucose, or impaired glucose tolerance. Two-sample MR
was conducted using variants associated with creatinine-
based eGFR (eGFRcrea) from the CKDGen Consortium
(n � 133814) to estimate the effect of genetically de-
creased eGFRcrea on 238 serum biomarkers.

RESULTS: With reverse MR, trefoil factor 3 (TFF3) was
identified as a protein that is increased owing to decreased
eGFRcrea (� � 1.86 SD per SD decrease eGFRcrea; 95% CI,
0.95–2.76; P � 8.0 � 10�5). Reverse MR findings were
consistent with epidemiological associations for incident
CKD in ORIGIN (OR � 1.28 per SD increase in TFF3;
95% CI, 1.18–1.38; P � 4.58 � 10�10). Addition of TFF3
significantly improved discrimination for incident CKD
relative to eGFRcrea alone (net reclassification improve-
ment � 0.211; P � 9.56 � 10�12) and in models including
additional risk factors.

CONCLUSIONS: Our results suggest TFF3 is a valuable di-
agnostic marker for early CKD in dysglycemic popula-
tions and acts as a proof of concept for the application of
this novel MR technique to identify diagnostic biomark-
ers for other chronic diseases.
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Diabetic renal disease is characterized by a progressive
increase in albumin excretion and gradual decline in glo-
merular filtration rate (GFR)10 (1 ). Chronic kidney dis-
ease (CKD) increases the likelihood of early mortality,
cardiovascular disease, end-stage renal disease, and a host
of further serious chronic conditions (2–4). Current
guidelines recommend the use of albuminuria and esti-
mated GFR based on the serum creatinine (eGFRcrea) to
gauge the severity of diabetic renal disease. However,
these tests have significant limitations (5 ). Albuminuria
may be transient in the early stages of CKD (6 ), may be
a late manifestation of kidney disease (7 ), and may be
discordant from GFR (4 ). eGFRcrea is insensitive to early
kidney damage (8 ) and is affected by such factors as age,
sex, ethnicity, muscle mass, diet, and intraglomerular he-
modynamics, which may confound the relationship be-
tween serum creatinine and GFR in diabetics (9, 10 ).
The limitations in these biomarkers of renal disease sub-
sequently impair clinicians’ abilities to accurately identify
individuals at early risk of CKD when treatments may
mitigate their future risks as recommended in guidelines
(5 ). It is ultimately hoped that early, focused interven-
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tion will reduce the contribution of CKD to the global
burden disease (11 ).

An early effect of CKD is the accumulation of pro-
teins in the blood due to changes in the glomerular bar-
rier of the kidneys. Thus, the serum of affected individ-
uals may harbor markers of the antecedent causes of
CKD, confounders commonly linked to either dysglyce-
mia or CKD, and CKD itself (5, 12–14) (see Fig. 1 in the
Data Supplement that accompanies the online version of
this article at http://www.clinchem.org/content/vol65/
issue3). We propose that identification of these biomark-
ers related to CKD itself can be achieved by using a vari-
ation of a powerful genetic technique called Mendelian
randomization (MR) (Fig. 1A) (15 ). Genetic variants
have the unique property of being randomly and inde-
pendently inherited from one another (15 ). Thus, nature
effectively randomizes individuals to make high or low

levels of particular proteins. If people born with a genetic
propensity to make higher (or lower) levels of a particular
protein also develop some chronic disease more com-
monly than people born with a propensity to make lower
(or higher) levels of this protein, an MR analysis may
support the conclusion that this protein has a causal effect
on the disease (16, 17 ) (Fig. 1A). Using similar reason-
ing, we can identify serum proteins that change concen-
tration as a result of a chronic disease rather than simply
being associated with the cause of the chronic disease. In
the case of diabetic renal disease, this means we would
identify serum proteins that change because of kidney
damage rather than because of dysglycemia. We label this
novel approach “reverse Mendelian randomization.” In
this study, we demonstrate its utility as a tool in the
context of identifying sensitive and early diagnostic bio-
markers of kidney damage specifically (Fig. 1B). How-
ever, it has broader applications in identifying these bio-
markers for any chronic disease with a set of robustly
associated genetic variants.

We therefore sought to identify new biomarkers of
early renal disease in patients with dysglycemia. We iden-
tified genetic variants linked with eGFRcrea in the pub-
licly available CKDGen consortium study (18 ), found
which of the 238 biomarkers measured in the Outcome
Reduction with Initial Glargine Intervention (ORIGIN)
(NCT00069784) biomarker study were statistically asso-
ciated with these variants (19 ), and then tested the iden-
tified biomarkers for their association with incident
CKD in models adjusting for other risk factors of a re-
duced eGFR (Fig. 2).

Methods

STUDY POPULATION—ORIGIN

The ORIGIN trial has been described previously (20 ).
Briefly, from 2003 to 2005, 12537 participants with car-
diovascular risk factors and impaired fasting glucose, im-
paired glucose tolerance, or type 2 diabetes were random-
ized in a 2 � 2 factorial design to either subcutaneous
insulin glargine vs usual care and �-3 fatty acid supple-
mentation vs placebo and followed for 5–7 years (median
6.2 years). At randomization, all participants were insulin
naive.

The ORIGIN biomarker substudy consisted of
8401 participants of European, Native Latin, and African
ethnicity. As previously described (19, 21 ), 238 bio-
markers related to metabolism, inflammation, and car-
diovascular disease were selected to be measured. Of
those, 237 serum biomarkers were measured with a cus-
tomized human discovery multianalyte platform on the
Luminex 100/200 instrument (Myriad RBM), and se-
rum troponin I was assayed with the Architect Stat high-
sensitivity assay on the Abbott Architect System (21 ).
Because the primary aim of this study was to identify

Fig. 1. Schematic representation of (A) traditional MR com-
pared to (B) reverse MR studies.
In both (A) traditional MR and (B) reverse MR analyses, we are
identifying biomarkers related to disease by using genotypes. In
traditional MR analysis (A), we are interested in identifying bio-
markers that cause disease development (�1), which are expected
to be promising pharmaceutical targets. Therefore, we would in-
fer concentrations of a biomarker on the basis of genotypes (X1)
associated with the biomarker from ORIGIN (�1) and find the ge-
netic associations of these genotypes with eGFRcrea from the CK-
DGen consortium (�1). However, in reverse MR (B), we are inter-
ested in identifying biomarkers that are themselves affected by a
disease (�2), which are expected to be promising diagnostic mark-
ers. Therefore, we would identify genotypes (X2) that are associ-
ated with eGFRcrea, as determined in the CKDGen consortium
(�2), and find their associations with a given biomarker from OR-
IGIN (�2).
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early blood biomarkers of incident CKD, our primary
patient population was a subset of the ORIGIN bio-
marker substudy participants with eGFRcrea and urinary
albumin-to-creatinine ratio (ACR) at baseline within
clinically normal ranges, defined as �60 mL/min/
1.73m2 and �30 mg/g (�3.4 mg/mmol), respectively.

In total, 5078 biomarker substudy participants con-
sented to genetic analysis. Genotyping was performed on
Illumina’s HumanCore Exome chip and filtered with
standard quality-control measures in PLINK (22 ) and
GCTA (23 ). After quality control, 4147 participants and
284024 single nucleotide polymorphisms (SNPs) from 2
ethnic groups, Native Latin and Europeans, remained.
Imputation was done after quality control with IM-
PUTE2 (24 ) and the 1000 Genomes Project (25 ) as a
reference panel. SNPs with low imputation certainty, de-
fined as INFO �0.7 by IMPUTE2, were then removed
(detailed information in the Methods in the online Data
Supplement).

STUDY OUTCOMES—ORIGIN

The primary renal outcome was incident CKD in the
ORIGIN biomarker substudy with normal eGFRcrea and
urinary ACR at baseline. It was defined as �1 of the
following: incident worsening of albuminuria category,
doubling of serum creatinine, end-stage renal disease, or
development of eGFRcrea �60 mL/min per 1.73 m2 by
the end of follow-up. Detailed definitions of renal out-
comes are described in the Methods in the online Data
Supplement. Renal function during follow-up was as-
sessed at year 2 and at the end of study on the basis of
serum creatinine and urinary ACR. Both renal markers
were measured centrally (20 ). The secondary renal out-
come was change in eGFRcrea from baseline to end of
study time point.

CKDGen CONSORTIUM DATA

Genome-wide significant variants for eGFRcrea were ob-
tained from the CKDGen Consortium (18 ). In brief, 49

Fig. 2. Simplified diagram of the overall study design.
First, reverse MR analysis was used to identify biomarkers in the ORIGIN trial biomarker panel that were affected by genetically predicted
eGFRcrea (on the basis of SNPs from CKDGen consortium) shown in Fig. 3 and Fig. 2 in the online Data Supplement. Next, significant
biomarkers from the reverse MR were subject to follow-up analyses in individuals with normal urinary ACR and eGFRcrea at baseline in the
ORIGIN trial. These involved testing for epidemiological associations of baseline biomarkers with incident CKD and change in eGFRcrea from
baseline to the end of follow-up in the ORIGIN trial, shown in Table 1 and Table 7 in the online Data Supplement, respectively. Finally, as a
follow-up to the analysis in Table 1, improvement in discrimination ability for incident CKD was assessed after addition of biomarkers to
models with established risk factors in Table 2.
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genome-wide association studies totaling 133814 indi-
viduals of European descent were meta-analyzed to iden-
tify 53 independent loci at a genome-wide significant
threshold (P � 5 � 10�8) associated with eGFRcrea,
which we selected for further analysis. ORIGIN did not
contribute samples to the consortium.

ETHICS STATEMENT

The ORIGIN clinical trial and CKDGen consortium
both received approvals from the local ethics committees
at all participating sites, and all participants provided
written informed consent.

“REVERSE” MR ANALYSIS OF eGFRcrea ON 238 BIOMARKERS

Of the 53 eGFRcrea SNPs, 50 were successfully imputed
in the ORIGIN genetic substudy (see Table 1 in the
online Data Supplement). First, each of the 50 SNPs was
tested for association with each of the 238 biomarkers in
ORIGIN by linear regression. Models were constructed
with biomarker concentration as the dependent variable
under an additive genetic model in each ethnic group
separately (European and Latin), adjusting for age, sex,
and the first 5 genetic principal components of each eth-
nicity by SNPtest v2.5 (26). Estimates from the 2 ethnic-
specific models were then meta-analyzed together with a
fixed-effects model in META v1.7 (26 ).

Next, a 2-sample reverse MR analysis (15 ) was per-
formed for each of the 238 serum biomarkers b use of the
50 SNPs associated with eGFRcrea in the CKDGen Con-
sortium. SNP–biomarker effect estimates (calculated in
ORIGIN) for each of the 238 biomarkers, and SNP–
eGFRcrea effect estimates (from the CKDGen consor-
tium) were used as input variables for the reverse MR
analysis (Fig. 1B). The inverse-variance weighted method
was used to obtain MR associations by regressing the
genetic effect estimates for each biomarker against ge-
netic effect estimates for eGFRcrea (27 ). Bootstrapping
(28 ) was done to calculate significance of the regression
model for each biomarker. Two-tailed P values are re-
ported for 100000 random simulations, with effect sizes
sampled assuming a normal distribution of genetic effects
according to mean and standard deviations taken from the
CKDGen data or ORIGIN calculations. Significance
threshold was adjusted for multiple hypothesis testing with
Bonferroni correction for 238 biomarkers (P � 0.05/238).
Sensitivity analyses included “leave-one-out” validation and
repetition of reverse MR using genetic variants associated
with related traits and risk factors of decreased eGFRcrea (see
Methods in the online Data Supplement).

To determine whether the identified biomarkers
themselves were causally affecting CKD, we used a tradi-
tional MR approach (Fig. 1A) to identify the effect of
significant biomarkers on eGFRcrea. As previously de-
scribed (17 ), MR analysis was restricted to nearby SNPs
(within 300 Kb of the gene encoding the biomarker)

significantly associated with the biomarker (P � 0.01)
and pruned for independence on the basis of linkage
disequilibrium (see Methods in the online Data Supple-
ment for more details).

ASSOCIATION OF SIGNIFICANT BIOMARKERS WITH

BASELINE eGFRcrea, INCIDENT CKD, AND CHANGE

IN eGFRcrea IN ORIGIN

We assessed whether the significant biomarkers predicted
incident CKD and change in eGFRcrea in those ORIGIN
biomarker substudy participants whose eGFRcrea and
urinary ACR were both normal at baseline. We used
logistic regression models to test the association of each
biomarker (independent variable) with incident CKD
(dependent variable). Three separate multivariate models
were constructed. The basic model was adjusted for age,
sex, and ethnicity. The laboratory model additionally in-
cluded baseline natural log-transformed urinary ACR
and eGFRcrea. The full model included all variables in the
basic and laboratory model and added fasting plasma
glucose, systolic blood pressure, body mass index, prior
diabetes, prior cardiovascular disease, antihypertensive
drug use, and smoking status. As sensitivity analyses, we
also tested each component of the composite CKD end
point, namely, worsening of albuminuria category, dou-
bling of serum creatinine, and eGFRcrea �60 mL/min
per 1.73 m2. The significant biomarker concentrations
were categorized as quartiles within this population.
Kaplan–Meier survival probabilities from incident CKD
were calculated for each quartile adjusting for age, sex,
and ethnicity at each of the primary follow-up time
points. Logistic regression models were created for inci-
dent CKD against biomarker quartiles and adjusted for
the aforementioned base, laboratory, and full models.
We determined P values for trend across the quartiles by
modeling the biomarker quartiles as an ordered linear
term. Similarly, linear regression models were used to
assess the relationship between changes in eGFRcrea from
baseline to the end of usual follow-up time point, adjust-
ing for the same models. Sensitivity analyses were per-
formed by further adjusting models with randomization
status for insulin glargine and �-3 fatty acids.

The ability of the significant biomarkers to discrimi-
nate between people who do and do not develop incident
stage 3 CKD was assessed by estimating the category-free
net reclassification improvement (NRI) index after inclu-
sion of the biomarker to several risk reference models con-
taining known CKD risk factors with use of the Hmisc (29)
R package. As a sensitivity measure, we also calculated ROC
curves and the area under the curve (AUC) for the afore-
mentioned risk models with and without the biomarker,
using the pROC (30) R package.

All statistical analyses were performed on R version
3.0.1, unless otherwise specified.
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DATA AVAILABILITY

Patient consent forms for the ORIGIN trial state that
analysis of individual-level data must be approved by the
principal investigator (Hertzel Gerstein, gerstein@
mcmaster.ca). All relevant summary-level data are in-
cluded within the report and its supporting informa-
tion. CKDGen consortium data are available at
http://ckdgen.imbi.uni-freiburg.de/.

Results

ORIGIN STUDY PARTICIPANT CHARACTERISTICS

The primary study population consisted of 5300 individ-
uals from the ORIGIN trial who had normal eGFRcrea

and no albuminuria at baseline. In this subset, mean
eGFRcrea, and urinary ACR at baseline were 82.0 mL/
min per 1.73 m2 and 6.2 mg/g (0.7 mg/mmol), respec-
tively, and 1353 of 5300 participants developed CKD
(980 albuminuria progression, 66 doubling of serum cre-
atinine, and 515 eGFRcrea �60 mL/min per 1.73 m2) by
study end. End-stage renal disease developed in only 2 of
5300 participants.

Key clinical characteristics of the study population
are shown in Table 2 in the online Data Supplement.
Those participants with prior renal disease were excluded
from the present analysis, if not stated otherwise.

IDENTIFICATION OF SERUM BIOMARKERS AFFECTED BY

eGFRcrea BY USE OF REVERSE MR

With use of reverse MR on 238 serum biomarkers, trefoil
factor 3 (TFF3)11 and uromodulin (UMOD) were iden-
tified as being significantly affected by eGFRcrea after
adjustment for multiple hypothesis testing (P � 0.05/
238) (see Table 3 in the online Data Supplement). The
reverse MR analysis for TFF3 suggests an inverse rela-
tionship between eGFRcrea and serum TFF3 levels (� �
�1.86 SD of TFF3 per 1 unit increase in log-
transformed eGFRcrea; 95% CI, �2.76 to �0.95; P �
8 � 10�5), or in other words increased TFF3 levels are
associated with decreased kidney function (Fig. 3). While
an inverse relationship between eGFRcrea and UMOD
was observed, a leave-one-out analysis suggested a single
SNP (at the UMOD locus) was responsible for this asso-
ciation (see Fig. 2 in the online Data Supplement). Since
the association with TFF3 remained unchanged upon
leave-one-out analysis, we focused further analyses on
this relationship. Consistent with the eGFRcrea analysis,
TFF3 was also associated with CKD (P � 0.028) but not
associated with cystatin C-based eGFR (eGFRcys), an al-
ternative measure of GFR, in reverse MR analysis (see
Table 4 in the online Data Supplement). To ensure that

the eGFRcrea–TFF3 relationship was not due to some
factor associated with eGFRcrea, we conducted reverse
MR analysis for known risk factors of reduced GFR (see
Methods in the online Data Supplement). TFF3 was not
associated with any of these traits (P � 0.05; see Table 4
in the online Data Supplement). To investigate the po-
tential for a causal effect of TFF3 on eGFRcrea, we deter-
mined whether the genetic variants near TFF3 are also
linked to eGFRcrea and found no such relationship (� �
0.01; 95% CI, 0.00–0.02; P � 0.24).

ASSOCIATION OF TFF3 WITH PREVALENT AND INCIDENT CKD

IN ORIGIN

We sought to test the ability of TFF3 to identify individ-
uals at risk of CKD despite normal eGFRcrea and no
albuminuria. In the 5300 ORIGIN participants with a
normal eGFRcrea and no albuminuria at baseline, TFF3
was associated with a higher incidence of incident CKD
(OR � 1.28 per SD; 95% CI, 1.18–1.38; P � 4.58 �
10�10). The relationship with incident CKD remained
significant after adjusting for eGFRcrea, albuminuria,
other known CKD risk factors (Table 1), and treatment
allocation in the ORIGIN trial (data not shown). The
associations were also significant with different defini-
tions of CKD (Table 1). After adjusting for known CKD
risk factors, participants in the highest (OR � 1.74; 95%
CI, 1.43–2.12; P � 3.58 � 10�8) and upper-middle
TFF3 quartiles (OR � 1.41; 95% CI, 1.16–1.70; P �
4.50 �10�4) had a significantly increased risk of inci-
dent CKD events relative to the lowest quartile (P for
trend � 3.04 � 10�9) (Fig. 4; see Table 5 in the online
Data Supplement). Of patients in the highest quartile of
serum TFF3, 65.7% were free from incident CKD,
whereas those with upper-middle, lower-middle, and
lowest quartile of serum TFF3 had 72.0%, 77.6%, and
80.2% freedom from incident CKD by study end, re-
spectively (see Table 6 in the online Data Supplement).
Moreover, higher levels of TFF3 predicted a greater de-
cline in eGFRcrea (�4.33 mL/min per 1.73 m2 eGFRcrea

per 1 SD increase in TFF3; 95% CI, �5.13 to �3.53;
P � 7.92 � 10�26) from baseline to the end of study
before and after adjusting for baseline eGFRcrea and uri-
nary ACR (see Table 7 in the online Data Supplement).

To determine the improvement in discrimination
ability for incident CKD after addition of TFF3 to mod-
els with established risk factors, we constructed ROC
curves and calculated net reclassification improvement
(NRI) scores. In models adjusting for age, sex, and eth-
nicity, addition of TFF3 moderately but significantly im-
proved risk prediction relative to eGFRcrea alone (AUC
with TFF3 and eGFRcrea � 0.60; AUC with eGFRcrea

alone � 0.59; NRI � 0.211; P � 9.56 � 10�12) (Table
2). Addition of TFF3 to models with clinical risk factors,
urinary ACR, and other risk factors consistently showed
significant improvements in NRI (Table 2). TFF3 alone11 Human Genes: TFF3, trefoil factor 3; UMOD, uromodulin.
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was also still significantly better at discriminating inci-
dent CKD than eGFRcrea alone (AUC for eGFRcrea �
0.59; AUC for TFF3 � 0.60; NRI � 0.112; P � 1.86 �
10�4).

Sensitivity analyses investigating the relationship be-
tween TFF3 and baseline renal characteristics were con-
sistent with the overall analysis (see Results in the online
Data Supplement).

Discussion

We herein demonstrated a novel approach to diagnostic
biomarker discovery called “reverse MR.” As a proof of

concept, we applied it in the context of diabetic renal
disease. TFF3 was identified as a serum biomarker that
is causally increased by reduced eGFRcrea in patients
with dysglycemia. The observed effect on TFF3 was
specific to eGFRcrea and CKD, and TFF3 itself was not
found to affect CKD. The reverse MR finding was
subsequently validated with statistically significant
and directionally consistent epidemiological associa-
tions, and we demonstrated TFF3 concentration is a
significant independent predictor of incident CKD in
a dysglycemic population.

TFF3 belongs to a family of 3 mammalian trefoil
factors and is a 6.6-kDa protein that contains 1 trefoil

Fig. 3. Effect of eGFRcrea on trefoil factor 3 with reverse MR.
Forest plots depict a summary of the reverse MR results for TFF3. Single SNP MR was conducted for each SNP used in the combined MR
analysis. Betas represent the effect of eGFRcrea on TFF3 as explained by that single SNP. Betas were determined by the Wald method (39 ) by
regressing the effect estimates from the biomarker association (from ORIGIN trial) on the eGFRcrea association (from CKDGen consortium). A
two-tailed P value was calculated with a z test from 100 000 random simulations.
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domain, a characteristic of the trefoil protein family, and
exists in monomeric or dimeric forms (31, 32 ). The bi-
ological role of TFF3 is unclear, but it is believed to be
involved in cellular repair and restitution. It is produced
in the tubular cells of the renal cortex (32 ), and both
increased urinary (33 ) and serum TFF3 concentrations
have been associated with onset (34 ) and severity of
CKD (32 ). With SOMAscan assay technology (Soma-
Logic), it was shown that TFF3 measured in plasma

showed a negative correlation with measured GFR in a
Swedish cohort with 389 participants (35 ). Moreover,
our results also suggest that TFF3 concentrations predict
declines in eGFRcrea and incident CKD in dysglycemic
individuals with normal albuminuria and renal function.
Indeed, in such individuals, TFF3 improved CKD risk
discrimination compared to eGFRcrea and models that
included other risk factors. Those individuals with TFF3
in the highest quartile had 1.74 times greater odds of

Table 1. Adjusted odds ratios for incident CKD in subset of ORIGIN with normal kidney measures.

Clinical endpoint

Age-, sex-, and
ethnicity-adjusted Laboratory modela Full modelb

ORc,d (95% CI) P value ORc (95% CI) P value ORc (95% CI) P value

CKD 1.28 (1.18–1.38) 4.58E−10 1.21 (1.12–1.31) 2.22E−06 1.24 (1.1–1.34) 3.41E−07

Worsening in albuminuria
category

1.17 (1.07–1.27) 3.01E−04 1.12 (1.02–1.22) 1.26E−02 1.13 (1.04–1.24) 6.38E−03

Doubling of serum
creatinine

1.33 (1.01–1.76) 0.045 1.62 (1.22–2.16) 8.60E−04 1.66 (1.23–2.22) 8.11E−04

eGFRcrea <60 mL/min
per 1.73m2 at EUFd

1.57 (1.41–1.75) 6.82E−16 1.44 (1.28–1.61) 2.58E−10 1.46 (1.30–1.64) 1.33E−10

a Adjusted for age, sex, ethnicity, baseline eGFRcrea, and natural log-transformed urinary albumin-to-creatinine ratio.
b Adjusted for age, sex, ethnicity, baseline eGFRcrea, natural log-transformed urinary albumin-to-creatinine ratio, fasting plasma glucose, systolic blood pressure, body mass index,
prior diabetes, prior cardiovascular disease, antihypertensive drug use, and smoking status.
c OR per 1 SD increase in serum trefoil factor 3.
d OR, odds ratio; EUF, end of usual study follow-up.

Fig. 4. Odds ratios of incident CKD according to TFF3 quartiles in subset of ORIGIN with normal kidney measures.
Figure represents the odds ratio of developing incident CKD in the given quartile of TFF3 relative to the lowest ratio, with adjustment for each
set of model covariates. TFF3 concentrations were transformed into quartiles in a subset of the ORIGIN trial population with normal albumin-
uria and eGFRcrea. Standard model covariates included age, sex, and ethnicity. Laboratory model covariates included standard model as well
as baseline eGFRcrea and natural log-transformed urinary ACR. Full model covariates included laboratory model as well as fasting plasma
glucose, systolic blood pressure, body mass index, prior diabetes, prior cardiovascular disease, antihypertensive drug use, and smoking
status. Incident CKD was defined as worsening of albuminuria category, doubling of serum creatinine, end-stage renal disease, or eGFRcrea

<60 mL/min per 1.73m2 at the end of follow-up.
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developing CKD than the lowest after adjusting for
known risk factors, including eGFR.

The dysglycemic population in ORIGIN is well
suited for identification of novel markers because
eGFRcrea is temporally and paradoxically increased in the
early stages of diabetic nephropathy (9, 10 ). However,
there are several limitations of our study. First, our strin-
gent statistical criteria may have excluded other markers
causally affected by renal disease. For example, 2 other
established renal biomarkers, �2 microglobulin (14 ) and
cystatin C (5 ) (see Table 3 in the online Data Supple-
ment), failed to meet the stringent Bonferroni-corrected
significance threshold of 0.00021, although they were
nominally significant (P, 3.4 � 10�4 and 1.5 � 10�3,
respectively) and cannot be ruled out as potential bio-
markers. Second, MR relies on the assumption that the
genetic variants have no pleiotropic effects (15 ), meaning
the genetic variants have an effect on the biomarker only
through eGFRcrea. This concern was minimized by the
use of multiple genetic variants, which limited the likeli-
hood of an alternative pathway confounding our obser-
vation, and sensitivity analyses, like leave-one-out, to re-
duce the possibility of any individual variants driving
results. For instance, we identified that the association of
UMOD in the reverse MR analysis was driven by a single
variant located in the UMOD gene, which is also related
to hypertension (36 ) and strongly associated with
eGFRcrea (18 ). In this case, UMOD is a known causal
mediator of CKD, as leave-one-out analysis of a cis SNP
resulting in a null association likely corresponds to a sig-
nificant traditional MR result for that biomarker (17 ).
Third, we used genetic variants associated with eGFRcrea,
a specific estimate of the kidney’s abilities to function.
The CKDGen Consortium genome-wide association
studies for eGFRcys was a smaller sample size (n �

33152) and yielded weaker instruments (F � 11.8) than
eGFRcrea (n � 133814), which had an overall stronger
set of instruments (F � 67.6). Consequently, the lack of
a significant association in the reverse MR between
eGFRcys, an alternative measure of kidney function, and
TFF3 could be due to the limited number of variants
strongly associated with eGFRcys, which limits our power
to detect an association. Moreover, Pattaro et al. reported
that the majority of eGFRcrea SNPs in CKDGen were
associated with a consistent direction of effect for
eGFRcys—albeit with less significance given the smaller
sample size; this association further supported the expec-
tation that the eGFRcrea reverse MR findings are not
reflecting pathways specific to creatinine metabolism but
rather true kidney function overall (18 ). Indeed, the re-
verse MR results themselves imply that the majority of
variants are reflecting kidney function, since a nominal
association was observed for cystatin C (� � �1.39 SD
of cystatin C per 1 unit increase in log-transformed
eGFRcrea; 95% CI, �2.30 to �0.48; P � 2.8 � 10�3),
which is a known marker of CKD and itself corresponds
to an increase in eGFRcys.

Disease prediction does not necessitate causal bio-
markers, and often better accuracy can be achieved by
adding markers simply associated from epidemiology.
However, finding the biomarkers causally affected by
disease is particularly promising for diagnostic and
population-screening applications. Because these mark-
ers are less prone to confounding, they would be expected
to be more specific, sensitive, and altered early in the
disease pathology. Improvements in diagnostic methods
for early detection of CKD are important for strategies to
slow progression of kidney disease and its complications,
particularly in high-risk populations such as patients with
dysglycemia (5 ). Growing evidence for protective effects

Table 2. Comparison of discrimination capacity for incident CKD after addition of TFF3 to risk models.

Reference model
AUC for reference

model (95% CI) Model of interest
AUC for model of
interest (95% CI) NRIa (95% CI) P value

eGFRcrea 0.586 (0.569–0.604) TFF3 0.601 (0.584–0.618) 0.112 (0.050–0.174) 1.86E−04

eGFRcrea + TFF3 0.602 (0.585–0.610) 0.211 (0.149– 0.272) 9.56E−12

eGFRcrea + clinical
risk factorsb

0.614 (0.596– 0.631) eGFRcrea + clinical
risk factorsb +
TFF3

0.626 (0.609–0.643) 0.206 (0.145–0.268) 2.55E−11

eGFRcrea + clinical
risk factorsb +
ln(ACR)

0.664 (0.647–0.680) eGFRcrea + clinical
risk factorsb +
ln(ACR) + TFF3

0.670 (0.653–0.687) 0.174 (0.112–0.235) 1.65E−08

Full modelc 0.667 (0.650–0.683) Full modelc +
TFF3

0.673 (0.657–0.690) 0.193 (0.131–0.254) 3.96E−10

a NRI index comparing model of interest to reference model.
b Prior cardiovascular disease + prior diabetes + systolic blood pressure + smoking status + anti-hypertensive drug use.
c Baseline eGFRcrea + natural log-transformed baseline urinary albumin-to-creatinine ratio + prior cardiovascular disease + prior diabetes + systolic blood pressure + smoking
status + anti-hypertensive drug use + body mass index + fasting plasma glucose.
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of SGLT2 inhibitors and GLP1-receptor agonists (37 )
for diabetic nephropathy further highlights the timely
nature and importance of early markers (38 ). Future re-
search should be directed toward better elucidating the
biological role of TFF3 and trefoil family proteins in the
kidneys and further evaluating the clinical utility of TFF3
as an early diagnostic tool for CKD in broader popula-
tions. Importantly, the validation of our findings with
epidemiological models of CKD risk also suggests that
reverse MR could be a novel method used to identify
sensitive and early diagnostic biomarkers for a variety of
other diseases. The growing number of publicly available
genome-wide association studies data sets will clearly fa-
cilitate such analyses.
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