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Could albuminuria treatment resistance be overcome using 
a rotational treatment approach testing intraindividual
effects of telmisartan, linagliptin, empagliflozin, and 
baricitinib?

Optimization of albuminuria-lowering treatment in diabetes by crossover rotation 
to four different drug classes: a randomized crossover trial 

Systemic rotation across drug classes can optimize 
treatment with individualized single-drug therapy. But 

remaining at-risk individuals support the need for 
combination treatments.

All treated, in random order:
4-week intervention and 

4-week washout with 
telmisartan, linagliptin, 

empagliflozin, and baricitinib.

63 participants
• 26 with type 1 diabetes and 37

with type 2 diabetes
• Baseline UACR 30–500 mg/g 

Study design

Best individual drug
Telmisartan 52%
Empagliflozin 17%
Linagliptin  17%
Baricitinib 13%

Other three drugs

+1.6% in 
UACR

Hypothesis

Results

Achieving 30% reduction in UACR

31 (49%) achieved 
>30% UACR reduction

with telmisartan 
(“response”)

UACR measured before and after all treatments

Best individual drug

-39.6% in 
UACR

-

Of 32 ”nonresponders” to Telmisartan: 9 
responded to empagliflozin, 

7 to linagliptin, and 
3 to baricitinib

In total: 74% of all reach >30%
reduction in UACR with 1 drug

17 participants did 
not respond to any 

intervention

32 Participants not responding to telmisartan

ARTICLE HIGHLIGHTS

• Renin–angiotensin system (RAS) blockade is first-line treatment in patients with diabetes and albuminuria, but up
to 40% of patients do not respond satisfactorily.

• Can treatment resistance to RAS blockade be overcome through rotation of telmisartan, empagliflozin, linagliptin,
and baricitinib, and selection of the best drug per individual?

• The mean reduction in albuminuria of an individual’s best-performing drug was 39.6% (95% CI 33.8, 44.8; P <
0.001). A 30% reduction in albuminuria (as recommended by the American Diabetes Association 2022 Standards
of Care) was achieved in 74% of participants, using the individual’s best-performing drug versus 49% with
telmisartan.

• Systemic rotation through different drug classes can optimize individual albuminuria-lowering treatment.
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OBJECTIVE

Renin–angiotensin system (RAS) inhibitors decrease the urinary albumin to creat-
inine ratio (UACR) but are ineffective in up to 40% of patients. We hypothesized
that rotation through different drug classes overcomes RAS inhibitor resistance
and tested this in a randomized crossover trial.

RESEARCH DESIGN AND METHODS

We assigned 26 adults with type 1 diabetes and 37 with type 2 diabetes and
UACR between 30 and 500 mg/g and estimated glomerular filtration rate
>45 mL/min/1.73 m2 to 4-week treatment periods with telmisartan 80 mg, em-
pagliflozin 10 mg, linagliptin 5 mg, and baricitinib 2 mg in random order, sepa-
rated by 4-week washout periods. Each participant was then re-exposed for
4 weeks to the drug that induced that individual’s largest UACR reduction. Primary
outcome was the difference in UACR response to the best-performing drug during
the confirmation period versus UACR response to the other three drugs.

RESULTS

There was substantial variation in the best-performing drug. Telmisartan was best
performing for 33 participants (52%), empagliflozin and linagliptin in 11 (17%), and
baricitinib in 8 participants (13%). The individuals’ best-performing drug changed
UACR from baseline during the first and confirmatory exposures by a mean of
239.6% (95% CI244.8,233.8; P < 0.001) and222.4% (95% CI229.7,212.5; P <
0.001), respectively. The Pearson correlation for first versus confirmatory exposure
was 0.39 (P = 0.017). The mean change in UACR with the other three drugs was
+1.6% (95% CI 24.3%, 8.0%; P = 0.593 versus baseline; difference versus individu-
als’ best-performing drug at confirmation, 30.9% [95% CI 18.0, 45.3]; P < 0.001).

CONCLUSIONS

We demonstrated a large and reproducible variation in participants’ responses to
different UACR-lowering drug classes. These data support systematic rotation
through different drug classes to overcome therapy resistance to RAS inhibition.

Renin–angiotensin system (RAS) inhibitors are the cornerstone of treatment to slow
progressive kidney function loss in patients with diabetes and chronic kidney disease
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(CKD) (1–3). RAS inhibitors reduce the
risk of kidney failure and decrease albu-
minuria, an established surrogate out-
come for progression of CKD in patients
with and without diabetes (4–6). Accord-
ingly, a reduction in albuminuria of at
least 30% is recommended by clinical
practice guidelines to slow the progres-
sion of CKD in patients with diabetes
(7,8). However, although RAS inhibition is
a guideline-recommended standard of care,
a striking 40–50% of patients do not re-
spond to RAS inhibitors and do not achieve
a 30% reduction in albuminuria (9–11).
These patients remain at high risk of
kidney failure and cardiovascular com-
plications (12). Alternative treatments
to overcome individual therapy resis-
tance to RAS inhibition are thus desired.

Novel drugs targeting other mecha-
nisms and pathways than the RAS have
emerged. Prior randomized controlled
trials with patients with diabetes and
CKD have demonstrated that sodium glu-
cose cotransporter-2 inhibitors (SGLT2i),
dipeptidyl peptidase-4 inhibitor (DPP4i),
endothelin receptor antagonists, and Ja-
nus kinase (JAK-STAT) inhibitors decrease
albuminuria compared with placebo, on
average, by 20–35% (13–18). However,
there is also a marked variability in pa-
tients’ albuminuria-lowering response to
these newer classes of drugs. Whether
systemic rotation through these alterna-
tive drug classes may overcome therapy
resistance to RAS inhibitors and improve
individual albuminuria-lowering efficacy
is not prospectively investigated but may
be expected, given the complex and vari-
able pathogenesis of diabetes and large
heterogeneity in drug response.

We performed a prospective rotation
of four main albuminuria-lowering drug
classes—RAS inhibition (telmisartan), SGLT2
inhibition (empagliflozin), DPP4 inhibition
(linagliptin), and JAK-STAT inhibition (bari-
citinib)—to investigate patients’ individual
albuminuria-lowering responses in order
to optimize treatment. After the rotation,
patients were re-exposed to their best
drug to confirm the consistency of each
patient’s response.

RESEARCH DESIGN AND METHODS

Study Design and Participants
The Rotation for Optimal Targeting of
Albuminuria and Treatment Evaluation
(ROTATE) trials were two similarly de-
signed, randomized, prospective, open-

label, multicenter, crossover trials in par-
ticipants with type 1 diabetes (ROTATE-1)
and type 2 diabetes (ROTATE-2). The stud-
ies were conducted at 1 clinical site in
Denmark (Steno Diabetes Center Copen-
hagen, Herlev) and two in the Nether-
lands (Ziekenhuis Groep Twente, Almelo;
and Bethesda Diabetes Research Center,
Hoogeveen). The central coordination cen-
ter was located at the University Medical
Center Groningen, the Netherlands. Adult
participants with type 1 or type 2 diabe-
tes with a urinary albumin to creatinine
ratio (UACR) between 30 and 500 mg/g
and estimated glomerular filtration rate
(eGFR) $45 mL/min/1.73 m2 were eligi-
ble. Individuals with a cardiovascular
disease event within 6 months of study
enrolment, using glucagon-like peptide-1
receptor agonists, or pregnant women were
excluded. Renin-angiotensin-aldosterone
system inhibitor, SGLT2i, and DPP4i med-
ications were not allowed in the 4 weeks
prior to randomization and during fol-
low-up. Participants who tested posi-
tively for latent hepatitis B, hepatitis C,
or tuberculosis infections did not receive
baricitinib at the participating center in
Denmark.

A full list of inclusion and exclusion
criteria can be found in Supplementary
Table 1. All participants gave written
informed consent before any study-
specific procedure commenced. The
studies were approved by the national
competent authorities and institutional
ethics committees of the participating
centers and complied with the declara-
tion of Helsinki and Good Clinical Prac-
tice. The ROTATE-1 and ROTATE-2 trials
are both registered at trialregister.nl (reg-
istration no. NTR5602 and NTR5603).

Intervention and Randomization
Participants received, in random order,
4 weeks of treatment with an angiotensin-
receptor blocker (ARB; telmisartan 80 mg
daily), an SGLT2i (empagliflozin 10 mg
daily), a DPP4i (linagliptin 5 mg daily),
and a JAK-STAT inhibitor (baricitinib 2 mg
daily) with 4-week washout periods in be-
tween. At the end of the four-way rotation
schedule, participants were re-exposed to
a 4-week treatment period with the drug
that induced the strongest albuminuria-
lowering response for each participant.

Treatment sequence was randomized.
A computer-generated randomized code
was supplied to the conducting centers

by the coordinating sponsor. Participants
and investigators were not masked be-
cause this study was primarily concerned
with individual responses to each drug
and, therefore, there was no systemic
bias to be avoided.

Procedures and Measurements
After a screening visit to assess eligibility,
participants using RAS inhibitors, SGLT2i,
or DPP4i had to discontinue these drugs
and enter a run-in period during which
blood pressure and glycated hemoglobin
(HbA1c) was regularly monitored. If blood
pressure increased more than 10 mmHg
or HbA1c more than 5 mmol/mol, blood
pressure–lowering agents (calcium chan-
nel blockers, clonidine, or b-blockers) or
diabetes medication (metformin or sulfo-
nylurea derivatives) could be initiated at
the discretion of the treating physician.
Additionally, insulin doses could be ad-
justed at the discretion of the treating
physician. The visit schedule during the
run-in period was left to the discretion
of the investigator to allow for flexibility
of visits to optimize blood pressure and
HbA1c control. Participants could not pro-
ceed to randomization if blood pressure
or HbA1c could not be stabilized during
the maximum 16-week run-in period. Af-
ter run-in, eligible participants proceeded
to the randomized, open-label treatment
phase.

The study comprised four consecutive
crossover treatment periods of 4 weeks
each with 4-week washout periods in be-
tween. A 4-week interval was chosen be-
cause previous studies have demonstrated
that the effect of the chosen interventions
were fully present after 4 weeks (13–18).
Specifically, ARBs and SGLT2i, including
telmisartan and empagliflozin, reduced
albuminuria after 4 weeks’ treatment in
participants with type 1 and type 2 dia-
betes (19–28). A pooled analysis of lina-
gliptin trials reported that linagliptin
compared with placebo significantly re-
duced albuminuria after 24 weeks’ treat-
ment, with clinically relevant reductions
observed early after treatment initiation
(29). Another study demonstrated that li-
nagliptin response varied widely among
participants, with treatment effects ob-
served at the first on-treatment visit after
6 weeks (18). Clinical studies reported the
safety of linagliptin in participants with
type 1 diabetes (30,31). In experimental
models of type 1 diabetes, linagliptin
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reduced oxidative stress and amelio-
rated kidney fibrosis, suggesting that pos-
sible benefits observed in participants
with type 2 diabetes may extend to
those with type 1 diabetes (32,33). Fi-
nally, baricitinib reduced albuminuria af-
ter 4 weeks in individuals with type 2
diabetes (Supplementary Fig. 1) (16). On-
going studies are assessing the efficacy
and safety of baricitinib in participants
with type 1 diabetes (ClinicalTrial.gov
identifier NCT04774224).
At the end of the 4-week rotation

schedule, participants proceeded to a
4-week confirmatory treatment period
during which they were treated with their
individual best UACR-lowering drug. At all
study visits, three consecutive first-morning-
void urine samples were collected for quan-
tification of urinary albumin and creatinine
levels. At the start and end of each treat-
ment period, vital signs data and blood
samples were collected for biochemistry
assessment.
Urine samples collected at the end of

the treatment periods were shipped at
�80�C to the laboratory of the Univer-
sity Hospital of Leicester NHS Trust to
determine presence of urinary telmisar-
tan, empagliflozin, and linagliptin. Urine
samples were analyzed by liquid chroma-
tography–tandem mass spectrometry using
an Agilent 6490 triple quadrupole mass
spectrometer (Santa Clara, CA). The liquid
chromatography–tandem mass spectrome-
try assay is a validated qualitative method
to detect the presence and absence of
medications. The assay is accredited by
the United Kingdom Accreditation Ser-
vice. The sensitivity of the assay is high,
with limits of detection between 10 and
110 ng/mL (P. Gupta, P. Patel, unpub-
lished data).

End Points
The primary end point of the pooled
ROTATE-1 and ROTATE-2 trials was the
difference in UACR response between
the confirmatory exposure of the partic-
ipants’ best-performing drug compared
with the mean UACR response of the
other three drugs during the rotation
schedule. The secondary end point of
the pooled ROTATE-1 and ROTATE-2
trials was the correlation in UACR re-
sponse of the participants’ individual best-
performing drug during the first and
confirmatory treatment period. The num-
ber of participants who achieved a 30%

reduction from baseline in UACR at the
end of each treatment period was an ad-
ditional end point.

Statistical Analyses
A sample size of 68 participants in the
pooled ROTATE-1 and ROTATE-2 trials
provided 88% statistical power assuming
that the difference in UACR response for
a participant’s best-performing drug dur-
ing the confirmatory treatment period
compared with the mean UACR response
of the other three drugs during the rota-
tion schedule was 25% (�0.2877 natural
log scale). The sample-size calculation as-
sumed an SD in natural log–transformed
UACR of 0.75 and a type I error of 5%
(a = 0.05). Under these assumptions, 80%
statistical power would be achieved when
56 participants completed the study. Sixty-
eight participants completing the trials
provided 80% statistical power to detect
a Pearson correlation of 0.33 (a = 0.05).

Baseline characteristics were defined
by measurements obtained at the ran-
domization visit and summarized for all
randomized participants. Normally dis-
tributed variables are presented as mean
and SD. Variables with a skewed distribu-
tion are presented as median (25th–75th
percentile) and compared using nonpara-
metric tests (Mann-Whitney U test for
continuous and x2 test for categorical
variables). The geometric mean UACR
from three first-morning-void urine sam-
ples were determined at each visit.

Analyses were performed in the modi-
fied intention-to-treat (mITT) population,
which included all randomized partici-
pants who did not have major protocol
violations and excluded participants with
prespecified criteria known to influence
UACR, including symptomatic urinary
tract infections. The primary efficacy
analysis was based on the geometric
mean UACR obtained at the start of each
treatment period. UACR response was de-
fined as the difference between the end
and start of each treatment period on the
natural log scale. A repeated measures lin-
ear mixed-effects model (RMMM) was
used to estimate the difference in UACR
response between the confirmatory expo-
sure of the patients’ best-performing drug
and the three other drugs. The model in-
cluded a single fixed effect for confirma-
tion period (yes/no) and random slopes
and intercept for each subject and an un-
structured covariance matrix. The same

model was used to determine the UACR
difference between the first exposure of
the patients’ best-performing drug com-
pared with the three other drugs. We
confirmed the absence of carryover ef-
fects by adding a treatment by period-
interaction term to the relevant linear
mixed effects models (P for interaction =
0.975).

The secondary correlation outcome
was assessed by Pearson correlation.
Subgroup analyses of the primary and sec-
ondary outcomes were performed in sub-
groups defined by baseline age, sex, UACR,
eGFR, HbA1c, diabetes status (type 1 or
type 2), BMI, and systolic blood pressure
values. Subgroup variables were added
to the RMMM used for the main analysis
as a fixed effect with an interaction term
between subgroup and treatment. The
effect of the four drugs on the mean
change from baseline in UACR was also
assessed using the RMMM. All statistical
analyses were performed using R, version
4.1.2 (R Core Team, Vienna, Austria).

RESULTS

Participants and Follow-up
Between 3 February 2017 and 22 Octo-
ber 2019, a total of 118 participants were
assessed for eligibility in the ROTATE-1
(n = 48 individuals) and ROTATE-2 (n =
70 individuals) trials, of whom 29 and
54, respectively, entered run-in. During
run-in, a total of six participants discon-
tinued because of withdrawal of consent
(n = 5 participants) or unstable glycemic
control (n = 1 participant). Overall, 76 par-
ticipants were randomized, of whom six
discontinued during follow-up in ROTATE-2
(n = 4 because of adverse events, n = 2
who withdrew consent). None of the
ROTATE-1 participants discontinued the
study. Seventy participants completed
the trial. Of these 70, 63 participants
were included in the mITT population at
the end of the trial; seven were ex-
cluded because of major protocol viola-
tions or prespecified exclusion criteria
known to influence UACR: five participants
were excluded because of symptomatic
urinary tract infections, one participant
because of discontinuation of diuretic
treatment during the confirmatory treat-
ment period, and another because of
a telmisartan dose reduction (Supple-
mentary Fig. 2). Two participants did not
receive baricitinib, because of a positive
hepatitis B test.
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Baseline demographic, physical, and
biochemical characteristics, including con-
comitant medication, are listed in Table 1.
The mean (SD) data are as follows: age
was 64 (10) years, mean eGFR was 79
(19) mL/min/1.73 m2, and HbA1c was 60
(S11) mmol/mol; median UACR was 115
(25th–75th percentile, 66 to 285) mg/g.
Baseline characteristics were generally
similar between participants with type 1
and type 2 diabetes except that partici-
pants with type 2 diabetes were older
and had a higher UACR (Table 1). Base-
line characteristics were balanced among
groups when stratified by their first as-
signed treatment (Supplementary Table 1).
Adherence to intervention was high in
all groups. The proportion of partici-
pants who adhered to study medication
was 98% (SD 5), as measured by pill
count. At the end of the treatment

period, nearly all participants had de-
tectable urinary drug concentrations:
telmisartan was present in 61 participants
(96.8%), empagliflozin in 62 (98.4%), and
linagliptin in 61 (96.8%) (Supplementary
Fig. 3).

Variability of UACR Responses
The UACR change from baseline for each
participant during the four-way rotation
schedule showed a marked variation in
participants’ responses (Fig. 1). Specifi-
cally, mean UACR change from baseline
during telmisartan treatment was �31.0%,
with a large between-patient variation
(95% CI �36.7%, �24.8%). Similarly, the
mean UACR change from baseline varied
among participants during empagliflozin,
linagliptin, and baricitinib treatment, with
respective mean changes of�2.4% (95% CI
�11.3%, 7.4%), �8.5% (95% CI �16.9%,

0.7%), and �1.1% (95% CI �10.9%, 9.7%).
At the end of each 4-week washout period,
UACR values returned to baseline (Fig. 1).
Changes in UACR during each treatment pe-
riod correlated with UACR changes during
washout, such that participants with a more
pronounced UACR reduction during treat-
ment had a larger increase during wash-out
(Fig. 2A).

There was substantial between-patient
variation in the best-performing drug: tel-
misartan was best performing in 33 par-
ticipants (52%), followed by empagliflozin
in 11 participants (17%), linagliptin in 11
(17%), and baricitinib in 8 (13%). Telmisar-
tan was the best-performing drug for
most participants with type 2 diabetes
(n = 24; 65%). In participants with type 1
diabetes, telmisartan also performed best
for most participants (n = 9; 35%), fol-
lowed by baricitinib and linagliptin (n = 6;
23% for both) and empagliflozin (n = 5;
19%) (Supplementary Table 2). Overall, in
24 participants (38.1%), the first assigned
drug during the rotation schedule was
the best-performing drug.

The mean change from baseline in
UACR for the participants’ individual best-
performing drug was �39.6% (95% CI
�44.8, �33.8; P < 0.001) during the first
exposure and �22.4% (95% CI �29.7,
�12.5; P < 0.001) during the confirma-
tion period (Fig. 3). In contrast, the mean
UACR change from baseline for the three
other drugs was 1.6% (95% CI �4.3%,
8.0%; P = 0.593) (Fig. 3). The difference
between the participants’ individual best-
performing drug at confirmation and the
three other drugs was 30.9% (95% CI
18.0, 45.3; P < 0.001). A >30% reduction
in UACR was achieved in 31 (49.2%), 16
(25.4%), 13 (20.6%), and 6 (9.5%) partici-
pants during treatment with telmisartan,
empagliflozin, linagliptin, and baricitinib,
respectively. In contrast, 45 participants
(74.1%) achieved >30% UACR reduction
with their individual best-performing drug.
Of the participants who did not achieve a
>30% reduction in UACR during treat-
ment with telmisartan, nine showed a re-
sponse (i.e., >30% reduction in UACR)
to empagliflozin, seven to linagliptin, and
three to baricitinib. Seventeen partici-
pants responded to none of the drugs.

A statistically significant correlation was
observed between the UACR change during
the first and confirmatory treatments of
the individual participants’ best-performing
drug (Pearson r = 0.39; 95% CI 0.16, 0.66;
P = 0.017) (Fig. 2B). The correlation was

Table 1—Baseline characteristics of participants in the ROTATE-1 and ROTATE-2
studies

Overall
(N = 63)

ROTATE-1
(n = 26)

ROTATE-2
(n = 37)

Age, years 64 (10) 60 (12) 67 (8)

Male sex, n (%) 52 (83) 19 (73) 33 (89)

Race, n (%)

White 52 (83) 19 (73) 33 (89)
Non-White 11 (17) 7 (27) 4 (11)

Current smoker, n (%) 11 (17) 3 (11) 8 (26)

BMI, kg/m2 30.0 (4.2) 29.0 (5.0) 30.7 (3.5)

Blood pressure, mmHg

Systolic 139 (12) 138 (13) 139 (12)
Diastolic 79 (9) 79 (18) 78 (20)

HbA1c, % 7.6 (1.0) 7.6 (0.6) 7.7 (1.1)

HbA1c, mmol/mol 60 (11) 60 (7) 61 (12)

Diabetes duration, years 24.6 (15) 35.9 (13) 16.7 (11)

Serum creatinine, mmol/L 88 (24) 88 (23) 88 (24)

eGFR, mL/min/1.73 m2 79 (19) 79 (18) 78 (20)

Fasting plasma glucose 9.1 (3.5) 8.6 (3.6) 9.4 (3.5)

UACR, median (25th–75th percentile), mg/g 115 (66–285) 92 (65–282) 149 (73–285)

CV disease history, n (%) 21 (33) 9 (35) 12 (32)

Medications, n (%)

Diuretics 32 (51) 15 (58) 17 (46)
Thiazide diuretic 22 (35) 15 (58) 17 (46)
Loop diuretic 11 (17) 10 (38) 5 (14)

MRA 3 (5) 0 (0) 3 (8)
Metformin 28 (44) 2 (8) 26 (70)
Sulfonylurea derivatives 3 (5) 0 (0) 3 (8)
Insulin 43 (68) 26 (100) 17 (46)

Continuous data are reported as mean (standard deviation) except for UACR. Categorical
data are reported as numbers (percentage). CV, cardiovascular; MRA, mineralocorticoid re-
ceptor antagonist.
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consistent when each drug class was ana-
lyzed separately, with Pearson correlations
ranging from 0.36 to 0.47 (Supplementary
Fig. 4).
Subgroup analyses demonstrated con-

sistency of the main results across all pre-
specified subgroups (P for interaction >
0.132 for all) (Fig. 4). No evidence for

heterogeneity was observed between the
ROTATE-1 and ROTATE-2 groups (P for in-
teraction = 0.263). The correlation in
UACR change from baseline between the
first and confirmatory treatment periods
was also consistent across all prespeci-
fied subgroups (P for interaction > 0.132
for all) (Supplementary Fig. 5).

Many participants responding well to
one drug responded poorly to another.
Overall, among the six possible pairs of
treatment responses, there was no sig-
nificant correlation (Fig. 4). There was,
however, one notable exception. In partic-
ipants with type 1 diabetes, a statistically
significant positive correlation in UACR

Figure 1—Change from baseline in UACR during each intervention of the rotation scheme. The colored circles represent the mean (95% CI) change from
baseline at end of treatment or end of washout. The gray circles represent UACR changes in individual participants.

Figure 2—Correlation in UACR changes. A: The correlation in UACR changes during each treatment and washout period. A larger reduction in
UACR during treatment was associated with a more pronounced increase during washout. B: The correlation in UACR changes during the first and
confirmation treatment period. UACR changes correlated between first and confirmation treatments.
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response was observed between telmisartan
and linagliptin (r = 0.58; P = 0.021). In con-
trast, in participants with type 2 diabetes, a
statistically significant negative correlation
was observed (r =�0.19; P = 0.036).

Predictors of Response
To assess if the individual participant’s
UACR response could be predicted, we
compared baseline characteristics of the
individual’s best-performing drug. Generally,
clinical characteristics did not differ
among participants when stratified by
their best-performing drug or when res-
ponders were compared with all non-
responder participants with each drug
class separately (Supplementary Table 2
and Supplementary Table 3). The only
exception was that participants who re-
sponded best to telmisartan were more
likely to have type 2 diabetes, whereas
participants who responded best to bar-
icitinib were more likely to have type 1
diabetes (Supplementary Table 3).

Safety
Among 76 randomized participants, 62
(82%) reported at least one adverse event

(AE) (Supplementary Table 4). Among
63 participants included in the efficacy
analysis, 49 (78%) reported at least
one AE. Of these, 6 (12.2%) reported
only an AE during their first or confir-
matory treatment with the best indi-
vidual drug, 22 (44.9%) reported only
an AE during at least one treatment
period with the other three study drugs,
and 15 participants (30.6%) reported
AEs during treatment with their best in-
dividual drug and at least one of the
other three drugs. Six participants (12.2%)
only reported an AE during the washout
periods. In participants with type 1 dia-
betes compared with type 2 diabetes,
hypoglycemia-related AEs were more
common (Supplementary Table 5). Partici-
pants with type 2 diabetes more fre-
quently reported AEs related to uro-renal,
general, and gastrointestinal disorders
(Supplementary Table 6). There were
no cases of diabetic ketoacidosis dur-
ing empagliflozin treatment in the
ROTATE-1 or ROTATE-2 trials, although
AEs were more commonly seen for em-
pagliflozin compared with the other
study drugs.

CONCLUSIONS

We observed significant variability in the
albuminuria response to four drugs with
different mechanisms of action among in-
dividuals with type 1 and type 2 diabetes
and elevated albuminuria. We found vari-
ability to the four drugs within an individ-
ual such that many participants had only
one treatment that reached the criteria
for good response of 30% reduction in al-
buminuria. We also observed marked var-
iability in response between participants
such that for a given drug, some individu-
als had a large reduction in albuminuria,
whereas others did not. We confirmed
that this response variability is, in part, re-
producible upon re-exposure. The clinical
consequences of these findings are that
for approximately one-third of partici-
pants, the first drug of the rotation
scheme was the best-performing treat-
ment, whereas for nearly 75% of partici-
pants, a >30% reduction in albuminuria
was achieved with their best-performing
drug supporting the need for systemic
rotation. There were no baseline clinical
characteristics that predicted the response
to these drugs except that participants

Figure 3—UACR changes of each individual during each treatment of the rotation scheme. The closed colored squares (type 1 diabetes) or circles
(type 2 diabetes) represent the UACR change of best drug during the first exposure. The open colored squares or circles represent the UACR
change during the confirmation treatment period. The gray circles represent the UACR changes of the other three drugs. The squares to the right
of the vertical line represent the mean UACR (95% CI) change of the individual’s best-performing drug during the first and confirmation treatment
periods. The orange circle to the right of the vertical line shows the mean UACR change of the other three drugs of the rotation scheme. The pri-
mary outcome was the difference in UACR between the confirmatory exposure of the participants’ best-performing drug compared with the mean
UACR response of the other three drugs (represented by the light blue square and orange circle). ACR, albumin to creatinine ratio.
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receiving diuretic treatment were more
likely to respond to telmisartan.
Results from parallel-group clinical tri-

als, which determine the mean effect of
an intervention at a group level, are often
used to inform clinical practice guide-
lines. Clinical practice guidelines often
recommend a stepped-care approach to
reach treatment targets, leading to many
patients being treated with multiple drugs
to achieve guideline targets. Moreover,
despite the use of multiple drugs, many
patients with diabetes do not reach
guideline targets. For example, in the
STENO-2 trial in patients with type 2 di-
abetes and microalbuminuria, only 45%
of participants reached blood pressure
targets (34) and, in only 36%, albumin-
uria regressed to normal levels (35). In
contrast to parallel group trials, which
cannot determine the response of an
individual patient, our trial was specifi-
cally designed to determine the individ-
ual patient response using a rotation
scheme. We demonstrate that the
American Diabetes Association guide-
line recommended target of 30% reduc-
tion in albuminuria to slow progression

of kidney function decline was only
achieved in half of all participants with
telmisartan, the first recommended drug
class to reduce albuminuria. In contrast,
a >30% albuminuria reduction was
achieved by 74% of participants with
the individuals’ best-performing drug, sug-
gesting that the guideline targets can be
met with a single drug in many patients
as long as individual variation in drug re-
sponse is duly considered.

A key aspect of the trial design was the
re-exposure of participants to their best-
performing drug to confirm the individual
treatment response.We observed a statis-
tically significant correlation between the
first and confirmatory exposures, indicat-
ing that the individual response is repro-
ducible and unlikely to be a chance
finding. This notion is supported by the
finding that the albuminuria change
during treatment inversely correlated
with the change in albuminuria during
the washout period. Nevertheless, be-
cause of the large, biological, day to
day variation in albuminuria (36,37), we
had not expected that the individual re-
sponse to the first exposure would be

completely reproducible at re-exposure.
Indeed, there was considerable residual
variation. Many other factors could have
influenced the reproducibility in response,
including variation in dietary patterns and
differences in disease activity. Moreover,
the interval between the first and confirma-
tory exposures could be up to 28 weeks,
during which participants were treated with
different interventions that may have intro-
duced random variations. In addition, the
albuminuria reduction during the confir-
mation period was less compared with
the at first exposure. This may be ex-
plained, in part, by regression to the
mean. These aspects should be consid-
ered in the design of clinical trials fo-
cused on individual drug response.

The best-performing drug in most par-
ticipants with type 2 diabetes was telmi-
sartan, whereas very few responded to
baricitinib. In contrast, in participants
with type 1 diabetes, baricitinib was best
performing in a substantially greater pro-
portion of participants. These different
response patterns may reflect differ-
ences in underlying pathophysiology
between type 1 and type 2 diabetes.

Figure 4—Correlation between UACR changes resulting from four drugs used by participants with type 1 or type 2 diabetes. The figure shows
(down the diagonal) the frequency plot for the UACR change for each treatment and (in the other six panels) the correlations between the UACR
change on each drug pairing. The UACR changes for participants showing one of the four best responses to any of the four treatments are indi-
cated by colored symbols.
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Baricitinib suppresses the immune sys-
tem and inflammatory pathways (38),
both key pathogenic mechanisms in-
volved in progressive kidney function
loss in type 1 diabetes.

Comparing efficacy of multiple drugs
usually requires dose up-titration to en-
sure that comparisons are made at the
maximum of the dose-response curve
for each drug. Dose titration in a cross-
over trial like ours is practically not
feasible. Moreover, our aim was not to
compare the mean efficacy of the differ-
ent drug classes but to assess whether
the response to these drugs varied among
individuals. We used the same doses used
in previous trials that determined the
albuminuria-lowering efficacy of these
drugs. When we designed our study,
clinical trials had demonstrated that the
four drug classes significantly reduced
albuminuria. However, in our study, the
mean response to empagliflozin and
baricitinib was unexpectedly lower than
anticipated based on previous studies,
which may be attributed to differences
in study population or design (16,17,39).
Notably, in prior studies, both SGLT2i
and baricitinib were often used as ad-
juncts to angiotensin-converting enzyme
(ACE) inhibitors or ARBs, in contrast to
our study (13,16,25). Linagliptin was, on
average, the least efficacious drug, al-
though a large individual variation in re-
sponse was observed in accord with
findings of a previous trial (18). Telmi-
sartan was the best-performing drug for
most participants. In this respect, it is
noteworthy that before the study, all
participants were already treated with
ACE inhibitors or ARBs. These agents
were discontinued during the run-in pe-
riod. Whether prior exposure to ACE inhibi-
tors or ARBs explains the large albuminuria
response to telmisartan requires further
study.

This study has limitations. Because of
the demanding protocol, six participants
did not complete the study, and another
six were omitted from analysis because
of factors influencing the individual UACR
response. Second, owing to the relatively
long study period, we cannot exclude
that some of the within- and between-
individual variation in albuminuria over
time is explained by disease progression
and/or changes in other factors causing
albuminuria fluctuations. Third, we did
not study the participants’ individual re-
sponse to combination therapies, which

will be a topic for future studies. Fourth,
the open-label design may have influ-
enced safety assessment, and adverse
events may have affected study out-
comes, particularly in relatively small
studies of short duration. Finally, the
treatment periods lasted only 4 weeks,
and the individual response to long-
term effects of each drug class was not
determined. We cannot rule out the
possibility that the long-term benefit of
the included interventions go through
mechanisms independent of albumin-
uria reduction. Therefore, the results of
this study cannot be used to directly de-
rive clinical practice recommendations.

The present trial has demonstrated
that patients with type 1 or type 2 dia-
betes exhibit a substantial reproducible
within- and between-patient variation
in individual response to different albu-
minuria-lowering drug classes. Our re-
sults support the need for personalized
therapy approaches in diabetes to over-
come therapy resistance to guideline-
recommended treatment and to optimize
long-term prognosis for each individual.
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