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Preclinical evidence shows that activation of the cholinergic
anti-inflammatory pathway (CAP) may have direct and
indirect beneficial effects on the kidney. Cholinesterase
inhibitors (ChEIs) are specific Alzheimer’s dementia (AD)
therapies that block the action of cholinesterases and
activate CAP. Here, we explored a plausible effect of ChEIs
on slowing kidney function decline by comparing the risk
of CKD progression among patients with newly diagnosed
AD that initiated ChEI or not within 90 days. Using
complete information of routine serum creatinine tests, we
evaluated changes in estimated glomerular filtration rate
(eGFR) and defined the outcome of chronic kidney disease
(CKD) progression as the composite of an eGFR decline of
over 30%, initiation of dialysis/transplant or death
attributed to CKD. A secondary outcome was death. Inverse
probability of treatment-weighted Cox regression was used
to estimate hazard ratios. Among 11, 898 patients, 6,803
started on ChEIs and 5,095 did not. Mean age was 80 years
(64% women) and the mean eGFR was 68 ml/min/1.73m2.
During a median 3.0 years of follow-up, and compared to
non-use, ChEI use was associated with 18% lower risk of
CKD progression (1,231 events, adjusted hazard ratio 0.82;
95% confidence interval 0.71-0.96) and a 21% lower risk of
death (0.79; 0.72-0.86). Results were consistent across
subgroups, ChEI subclasses and after accounting for
competing risks. Thus, in patients with AD undergoing
routine care, use of ChEI (vs no-use) was associated with
lower risk of CKD progression.
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I nflammation is a common and prognostically unfavorable
manifestation of several noncommunicable chronic dis-
eases such as hypertension, type 2 diabetes, heart failure,

rheumatoid arthritis, inflammatory bowel disease, and
chronic kidney disease (CKD).1 Recent insights in neuro-
immunology propose a role for vagal neuromodulation in the
management of these diseases2,3 that center on the cholinergic
anti-inflammatory pathway (CAP), a vagal neuroimmune
circuit that regulates the homeostatic balance of inflammatory
activity responses to cell damage and pathogens.4–6

CKD, defined as persistent and irreversible degradation of
kidney function, is a common condition (8%–16% popula-
tion prevalence)7 that often develops with autonomic
dysfunction coupled with a state of systemic chronic
inflammation.8 Such derangements have been associated with
poor prognosis, especially in persons with end-stage kidney
disease.8–10 Emerging evidence suggests that CAP can be a
target for CKD. Animal studies demonstrate that activation of
CAP leads to the release of acetylcholine, which in turn exerts
direct renoprotective effects on the kidney.11–15 Indirect
mechanisms by which CAP activation may favorably affect
kidney function include reduction in inflammatory media-
tors16,17 as well as regulation of heart rate and blood pressure
via parasympathetic (vagal nerve) stimulation.5,18,19

Cholinesterase inhibitors (ChEIs), namely donepezil, gal-
antamine, and rivastigmine, are approved pharmacological
therapies with the potential to offset cognitive decline in
persons with Alzheimer’s dementia (AD).20–22 ChEIs inhibit
the acetylcholine-degrading enzyme acetylcholinesterase,
leading to increasing levels and duration of action of acetyl-
choline in the synapses of both central and peripheral nervous
systems.23 It is possible that the effects of ChEIs extend
beyond the cholinergic system in the brain,4 and observa-
tional studies have indeed associated the use of ChEIs in
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patients with AD with a lower risk of myocardial infarction,
stroke, and death.24–26

To explore the plausibility of CAP activation in modulating
kidney damage, we conducted an observational study
comparing CKD progression rates among individuals with
incident AD diagnosis who were initiated on ChEIs or not.
METHODS
Data sources
This study includes patients with an incident diagnosis of dementia
registered in the Swedish Registry for cognitive disease/dementia
(SveDem: www.ucr.uu.se/svedem/), a web-based registry established
in 2007 with the aim to characterize and follow all patients with
dementia in Sweden. The variables include patient demographics,
Mini-Mental State Examination (MMSE) scores, the type of de-
mentia disorder, and treatment.27 For this study, SveDem was
merged with the Stockholm Creatinine Measurements (SCREAM)
project, a repository of laboratory analyses performed in connection
to health care in residents from the Stockholm region between 2006
and 2018, thus providing laboratory measurements information
during follow-up.28 The merged data were linked with other regional
and national administrative databases for complete information on
health care utilization, dispensed drugs, validated kidney replace-
ment therapy endpoints (dialysis or transplant), and follow-up for
death, with virtually no loss to follow-up.

Study design and study population
We created a cohort study with landmark design to compare the risk
of CKD progression among patients starting ChEI treatment or not
within 3 months after an incident diagnosis of dementia. To that
end, we identified all patients receiving an incident diagnosis of AD
or mixed AD dementia registered by the date of diagnosis in SveDem
and residing in the Stockholm region between January 1, 2007, and
December 31, 2018. We included patients with a record of
serum or plasma creatinine taken in connection with an outpatient
health care encounter at the time of the dementia diagnosis date or
within 1 year prior. We excluded patients undergoing kidney
replacement therapy (maintenance dialysis or with a history of
kidney transplantation) or with ongoing ChEI medication at the
time of the dementia diagnosis date (prevalent users), as well as those
with missing MMSE scores at the time of dementia diagnosis,
because in Sweden the indication for ChEI prescription is mild to
moderate AD and we wanted to confirm that the indication existed.

The index date of the study was set 3 months after the incident
dementia diagnosis, a clinically reasonable time at which ChEI
therapy was initiated or not. The ChEI therapy was defined through
filled dispensations at Swedish pharmacies via the National Pre-
scribed Drug Registry (NPDR). As shown in Supplementary
Figure S1, >90% of all patients starting ChEIs in our cohort did
so within the first 3 months. With this definition, 374 patients who
died and 610 patients who ended the follow-up within the first 3
months after dementia diagnosis were excluded. After applying in-
clusion and exclusion criteria, a total of 11,898 patients with an
incident AD or mixed AD composed the study population.

Exposure
The study exposure was initiation of ChEI therapy with donepezil,
rivastigmine, or galantamine within 3 months of the dementia
diagnosis versus no initiation within 3 months. We also collected
Kidney International (2023) 103, 166–176
information on the doses of each dispensation of ChEIs over the
initial 3-month period.

Our primary analysis used an intention-to-treat design and
assumed study exposures to be constant until end of follow up.

Covariates
Study covariates included sociodemographics, laboratory values,
comorbidities, and ongoing medications. Sociodemographics were
age, sex, body weight at time of dementia diagnosis, highest-attained
education, and calendar year. The highest-educational attainment for
each participant was obtained by linkage with the government-run
Longitudinal Integrated Database for Health Insurance and Labor
Market Studies (LISA) registry29 and categorized as compulsory
school, secondary school, and university education. Laboratory
values were albuminuria and estimated glomerular filtration rate
(eGFR) measured in outpatient care during the year prior to the
index date. The presence of CKD was defined as having an
eGFR <60 ml/min per 1.73 m2 according to the Kidney Disease:
Improving Global Outcomes (KDIGO) classification.30 The presence
and severity of albuminuria was determined through extraction of all
tests of dipstick albuminuria/proteinuria, urinary albumin to creat-
inine ratio, and albuminuria excretion rates and by categorization
into KDIGO categories A1 to A3.31 We did not consider measure-
ments in connection with a hospital stay, because they could be
influenced by the condition the person was hospitalized for and
therefore may not reflect stable kidney function.

Covariates related to the characterization of dementia included
type of dementia diagnosis (AD or mixed AD); MMSE score at the
time of the dementia diagnosis; whether the diagnosing unit was a
memory clinic or primary care; whether the patient was living alone,
in their own home, or in a nursing home; and whether a dementia
basic workup (clock test, blood test, MMSE test, and computed
tomography/ magnetic resonance imaging) had been performed.
Comorbidities were ascertained by International Classification of
Diseases, Tenth Revision (ICD-10) codes prior to the index date and
included hypertension, diabetes, congestive heart failure, myocardial
infarction, peripheral vascular disease, cerebrovascular disease,
chronic obstructive pulmonary disease, rheumatic disease, peptic
ulcer disease, cancer, stroke, atrial fibrillation, liver disease, alcohol
abuse, fracture, and depression. Ongoing medications were ascer-
tained by Anatomical Therapeutic Chemical (ATC) codes according
to the presence of filled pharmacy prescriptions within the 6 months
prior to the index date. Medications registered were angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers, b-
blockers, calcium channel blocker, diuretics, lipid-lowering agents,
acetylsalicylic acid, nonsteroidal anti-inflammatory drugs, antith-
rombotics, anxiolytics, hypnotics, antipsychotics, antidepressants,
and memantine. Covariate definitions are further detailed in
Supplementary Table S1.

Outcomes
The primary outcome was the composite of a sustained eGFR decline
of >30% from the index date,32 initiation of kidney replacement
therapy (maintenance dialysis or kidney transplantation, ascertained
by linkage to the Swedish Renal Registry), or death attributed to
kidney disease (as main cause of death, ICD-10 codes N18-N19). To
reduce outcome misclassification bias due to intrinsic eGFR vari-
ability, we used a linear interpolation method to ascertain a sustained
>30% decline in eGFR as follows: for each individual, a linear
regression line was fitted through all outpatient eGFR measurements;
to be considered a sustained >30% decline in eGFR, the linear
167

https://www.ucr.uu.se/svedem/


c l i n i ca l i nves t iga t i on H Xu et al.: Cholinesterase inhibitors, kidney disease, and dementia
regression slope needed to be negative; and the >30% decline
threshold needed to be crossed before the last measurement. The
time to event was then defined as the moment in which the linear
regression line crossed the >30% decline threshold.33 The secondary
outcome was all-cause death, taken as a positive control outcome
where a previous clinical trial reported a direct benefit.34 Patients
were followed from index date until the occurrence of event,
migration from the region, death, or the end of follow-up
(December 31, 2018), whichever happened first.

Statistical analyses
Continuous variables are presented as mean with SD or median
with interquartile range, depending on the distribution. Categorical
variables are presented as percentages. Study covariates had no
missing data except for attained education, body weight, and
baseline albuminuria, which were missing in 2%, 7%, and 59% of
patients, respectively. We used multiple imputation by chained
equations to impute 5 complete data sets with complete baseline
information. The propensity score and effect estimates were esti-
mated separately in each imputed data set and then pooled using
Rubin’s rule.

We then used inverse probability of treatment weighting to adjust
for confounding by indication.35 We estimated the probability of
initiating ChEI treatment as a function of all study covariates
mentioned previously. Patients in the ChEI group were weighted by
1/PS and in the non-ChEI group by 1/(1 � PS); PS denotes the
propensity score. Weights were stabilized by adding the marginal
probability of the received treatment to the numerator of the
weights. Standardized mean differences were calculated to evaluate
the balance of covariates between study groups before and after
weighting, using a standardized mean difference >0.1 as the
threshold for meaningful imbalance.36 We estimated crude incidence
rates per 1000 person-years. Cox proportional-hazards models were
used to estimate hazard ratios. Confidence intervals were obtained by
robust variance estimation.37 Using all subsequent eGFR tests, we
graphically represented the change in eGFR as a function of time
between treatment groups by using a weighted mixed effects repeated
measures model that included treatment, date of the eGFR mea-
surement (time), and their interaction term as fixed effects, with
patient as a random effect.

We evaluated the association between initiation dose and study
outcomes. To that end, we created a subcohort of patients of ChEI
users who dispensed $2 ChEI packages within the first 3 months
from a dementia diagnosis. The date of the last dispensation in this
time period was the cohort’s index date, at which point we derived
study covariates. The defined daily dosages (DDD) are the assumed
average maintenance dose per day for a drug used for its main in-
dications in adults and are specific to each ATC code. The value of
DDD is founded by the World Health Organization International
Working Group for Drug Statistics Methodology and is an estab-
lished approach for quantification of drug utilization and exposure
(https://www.whocc.no/atc_ ddd_index/). We defined the initiation
dose as the DDD for each ATC dispensed, multiplied by the number
of pills contained in the package and milligrams of active principle
by pill, and divided by the number of days it took to collect the last
ChEI dispensation. This estimated the number of DDD consumed
per day normalized by the potency of each ChEI subclass. We
modeled ChEI doses as a continuous exposure for increasing doses
in a cubic spline with each outcome.

Subgroup analyses were performed to test for potential effect
modification of age ($85 vs. <85 years), sex, eGFR ($60 vs. <60
168
ml/min per 1.73 m2), MMSE (<20 vs. $20 scores), and type of
dementia (AD vs. mixed AD) with adjustment for the variables
defined herein. We also evaluated consistency of effect across ChEI
types (vs. nonuse) at therapy start (donepezil, galantamine, or
rivastigmine) with multivariable adjustment through Cox
proportional-hazards model.

In addition, we conducted various sensitivity analyses to test the
robustness of our results: (i) because some patients initiated ChEIs
after 90 days from the incident dementia diagnosis, we evaluated the
impact of this misclassification on our effect estimates by censoring
at the time of ChEIs start, thereby estimating an as-treated effect; (ii)
we performed a competing risk analysis, for this approach, death
from any cause other than kidney disease was considered as a
competing event for our primary outcome; weighted cumulative
incidence curves were used to plot the cumulative incidences of
study outcomes between study groups after competing risk analysis;
(iii) we calculated an E-value to investigate the minimum strength of
association that an unmeasured confounder would need to have with
both treatment and outcome, with all measured covariates adjusted,
to fully explain away the observed association;38 (iv) to investigate
potential differential outcome ascertainment due to differences in
the frequency of serum creatinine testing between the ChEI and non-
ChEI arms, we evaluated the number of serum creatinine tests
during follow-up with Poisson regression in the unweighted popu-
lation; (v) we repeated our main analysis in a 1:1 PS matched cohort;
and (vi) we repeated our main analysis in the subcohort of patients
where baseline albuminuria was available (that is, without multiple
imputation).

All analyses were performed using R (version 3.4.3 software, The
R Project for Statistical Computing) and Stata (version 17.0,
StataCorp).
RESULTS
Patient characteristics
We included a total of 11,898 individuals with incident AD
dementia between January 1, 2007, and December 31, 2018.
Of these, 6,803 individuals started on ChEIs within 90 days
(48% with donepezil, 32% galantamine, and 20% riva-
stigmine), and 5,095 did not (patient selection flow chart in
Figure 1). Baseline characteristics before and after weighting
are reported in Table 1 and Supplementary Figure S2, and
they were well-balanced after weighting. Compared with
nonusers, ChEI users tended to be younger (79 vs. 83 years),
with slightly better kidney function (70 vs. 66 ml/min per
1.73 m2), higher MMSE score (22 vs. 20 points), and less
proportion of patients in nursing home care (4% vs. 7%).
ChEI users had in general a higher education level, a lower
prevalence of comorbidities, and less use of concomitant
medication than nonusers did.

Use of ChEI and the risk of CKD progression
During a median follow-up time of 3.0 (interquartile range
[IQR]: 1.3–4.5; range 0.1–11) years, corresponding to 37,586
person-years, 659 CKD progression events occurred among
ChEI users and 572 among nonusers, corresponding to
incidence rates of 27 (95% confidence interval [CI]: 25–29)
and 43 (95% CI: 39–46) per 1000 person-years, respectively
(Table 2). Compared with nonuse, ChEI use was associated
Kidney International (2023) 103, 166–176
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11,898 eligible AD (including 
mixed dementia) patients 

6803 patients initiated on
ChEI therapy within 90 days of

diagnosis

5095 non-ChEI users within
90 days of diagnosis

•-Prevalent ChEI user at the time of the dementia diagnosis, n = 602

•-Non-Alzheimer’s dementia diagnosis, n = 6811
•-Missing MMSE measurement at diagnosis date, n = 290

SveDem
Patients registered with incident

dementia years 2007–2018

SCREAM registry
Laboratory data repository from

Stockholm region
years 2006–2018

22,655 patients in Stockholm region with an
incident dementia diagnosis in SveDem and
with laboratory analyses in SCREAM

Exclude:
• No creatinine analysis avaliable within 1 year before the dementia
 diagnosis date, n = 2041

•-Death within 90 days of diagnosis, n = 374
•-Follow-up time less than 90 days after diagnosis, n = 610
•-Undergoing dialysis or with kidney transplant, n = 29

Figure 1 | Flowchart of patient inclusion into the study. AD, Alzheimer’s dementia; ChEIs, cholinesterase inhibitors; MMSE, Mini-Mental
State Examination; SCREAM, Stockholm Creatinine Measurements project; SveDem, Swedish Dementia Registry.
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with a 18% lower risk of CKD progression (adjusted hazard
ratio [aHR]: 0.82; 95% CI: 0.71–0.96). The weighted cumu-
lative incidence curves are shown in Figure 2, which showed
an early separation that was sustained throughout follow-up.

A lower risk of CKD progression compared to nonuse was
observed for all ChEI subtypes (Supplementary Table S2),
with consistent estimates for donepezil (aHR: 0.68; 95% CI:
0.57–0.80), galantamine (aHR: 0.85; 95% CI: 0.72–0.99), and
rivastigmine (aHR: 0.86; 95% CI: 0.71–1.05).

We used 74,656 subsequent routine outpatient measure-
ments of eGFR to compute the slopes of eGFR decline in both
treatment groups. The median number of eGFR tests per
patient was 5 (IQR: 3–9). Overall, the average annual
reduction of eGFR was 1.39 (95% CI: 1.46–1.32) ml/min per
1.73 m2 per year (Supplementary Table S3). Graphically, there
was no difference between groups at baseline �0.10 (95%
CI �0.44 to 0.24) ml/min per 1.73 m2. During observation,
the slope of eGFR decline was slightly flatter in the ChEI
group compared with in the nonuser group, with a predicted
difference of mean eGFR decline of 0.12 (95% CI: 0.04–0.21)
ml/min per 1.73 m2 per year (or 8.6% reduction in the
annual eGFR decline) favoring ChEI users (Supplementary
Figure S3).

The majority of patients (59%) initiated treatment with
the standard daily dose of ChEIs, 22% with half the standard
daily dose, and 19% with more than the standard daily dose.
Their characteristics are shown in Supplementary Table S4
and Supplementary Figure S4. Supplementary Figure S5A
Kidney International (2023) 103, 166–176
shows the association between initial ChEI dose and the risk
of CKD progression. Compared with the lowest dose, higher
treatment dosages were not different in their risk of CKD
progression; however, CIs were broad and HRs were
numerically lower, with a magnitude of approximately 0.85
throughout the range of dosages evaluated.

Use of ChEIs and the risk of death
During a median 3.0 (IQR: 1.4–4.8; range 0.1–11) years of
follow-up, corresponding to 39,513 person-years, 5,691 pa-
tients (48%) died. Users of ChEIs had lower mortality rates
(119; 95% CI: 114–123)/1000 person-years) than nonusers
(190; 95% CI: 182–197)/1000 person-years) did. Compared
with nonuse, use of ChEI was associated with a 21% lower
risk of death (HR: 0.79; 95% CI: 0.72–0.86) (Table 2 and
Figure 2), which was similarly attributed to all ChEI subtypes
(Supplementary Table S2). Supplementary Figure S5B shows
the association between initial ChEI dose and the risk of
death. Compared with the lowest dose, higher treatment
dosages were associated with lower risk of death.

Subgroup and sensitivity analyses
We observed a significant interaction between patients with
eGFR below and above 60 ml/min per 1.73 m2 (P
interaction ¼ 0.02), indicating that use of ChEIs was more
strongly associated with CKD progression in people with
low baseline eGFR (eGFR <60 ml/min per 1.73 m2). For
other subgroups (age, sex, MMSE score, and dementia
169



Table 1 | Baseline characteristics overall and stratified by ChEI treatment status within 3 months from an incident diagnosis of
AD, before and after weighting

Overall

Before IPTW After IPTW

Characteristics ChEI Non-ChEI
Standardized mean

differencea ChEI Non-ChEI
Standardized mean

differencea

Dementia diagnosis, %
AD 47 53 40 �0.269 46 47
Mixed AD 53 47 60 54 53 0.032

Age, y, mean � SD 80 � 7 79 � 7 83 � 7 �0.502 80 � 7 81 � 7 �0.014
Age category, % �0.469 �0.013

<70 yr 8 11 4 4 4
70–79 yr 33 38 26 28 29
80–89 yr 50 46 57 58 58
$90 yr 9 5 13 10 9

Women, % 64 65 62 0.062 63 64 �0.008
Body weight, kg, mean � SD 67 � 14 67 � 14 66 � 14 �0.007 66 � 14 66 � 14 �0.002
Body weight category, % 0.055 0.014

<50 kg 8 8 10 9 9
50–59 kg 23 24 25 25 25
60–69 kg 26 29 28 28 28
70–79 kg 20 22 22 22 22
80–89 kg 10 11 11 11 10
$90 kg 5 6 5 5 5
Missing 7

Highest attained education, % 0.110 0.008
Compulsory education 32 31 35 36 35
Secondary 40 42 40 40 41
College/university 26 28 24 24 24
Missing 2

Albuminuria category, % �0.122 0.006
A1 31 79 74 75 76
A2 8 18 21 21 20
A3 2 3 4 4 4
Missing 59

eGFR, ml/min per 1.73 m2,
mean � SD

68 � 16 70 � 15 66 � 16 0.265 68 � 15 68 � 15 0.003

eGFR category, % 0.245 0.006
$90 ml/min per 1.73 m2 2 7 4 4 4
60–89 ml/min per 1.73 m2 28 68 61 63 63
30–59 ml/min per 1.73 m2 65 24 32 31 31
<30 ml/min per 1.73 m2 5 1 3 2 2

MMSE score, mean � SD 21 � 5 22 � 5 20 � 5 0.391 21 � 5 21 � 5 0.006
MMSE category, % 0.366 0.008

$25 points 29 34 22 23 23
20–24 points 39 40 37 40 40
10–19 points 30 24 37 34 34
0–9 points 2 2 4 3 3

Memory clinics visit, % 100 100 99 0.029 100 99 0.018
Living alone, % 51 48 55 �0.152 51 51 0.003
Nursing home care, % 5 4 7 �0.137 5 5 0.012
Basic workups, %

Clock test 93 94 92 0.096 93 93 0.006
Blood test 97 97 98 �0.033 98 97 0.006
MMSE test 100 100 100 0.001 100 100 0.000
CT/MRI 97 97 0.98 �0.075 98 97 0.020

Comorbidities, %
Hypertension 69 65 74 �0.204 69 69 �0.002
Diabetes mellitus 16 15 16 �0.038 17 16 0.027
Congestive heart failure 10 8 14 �0.220 11 11 0.008
Myocardial infarction 6 5 7 �0.110 6 6 �0.001
Peripheral vascular disease 4 3 5 �0.072 5 4 0.036
Cerebrovascular disease 12 01 14 �0.102 12 12 �0.016
Chronic obstructive
pulmonary disease

10 9 11 �0.089 11 10 0.015

Rheumatic disease 5 5 5 �0.034 5 5 �0.013
Peptic ulcer disease 2 1 2 �0.053 2 2 0.006

(Continued on following page)

c l i n i ca l i nves t iga t i on H Xu et al.: Cholinesterase inhibitors, kidney disease, and dementia

170 Kidney International (2023) 103, 166–176



Table 1 | (Continued) Baseline characteristics overall and stratified by ChEI treatment status within 3 months from an incident
diagnosis of AD, before and after weighting

Overall

Before IPTW After IPTW

Characteristics ChEI Non-ChEI
Standardized mean

differencea ChEI Non-ChEI
Standardized mean

differencea

Cancer (#3 yr prior) 14 13 15 �0.047 14 14 �0.011
Stroke 8 7 10 �0.090 8 9 �0.018
Atrial fibrillation 17 13 22 �0.252 17 17 0.002
Liver disease 1 1 1 �0.014 1 1 0.001
Alcohol abuse 2 2 2 �0.015 2 2 �0.009
Fracture (#1 yr prior) 15 14 17 �0.078 16 16 0.021
Depression 15 16 14 0.058 15 15 0.000

Medication use, %
ACEi/ARBs 37 36 39 �0.079 38 38 0.010
b-blocking agents 35 31 40 �0.205 36 35 0.011
Calcium channel blockers 21 21 22 �0.031 21 22 �0.007
Diuretics 23 20 28 �0.173 24 24 0.004
Lipid modifying agents 29 29 29 0.009 30 29 0.029
ASA 32 31 34 �0.075 33 33 0.002
NSAIDs 7 8 5 0.101 7 6 0.018
Antithrombotic agents 46 42 51 �0.184 46 46 0.001
Anxiolytics 13 12 14 �0.038 13 13 0.004
Hypnotics 22 22 24 �0.050 24 23 0.028
Antipsychotics 5 4 6 �0.079 5 5 0.031
Antidepressants 25 25 25 �0.016 25 25 �0.009
Memantine 6 0 13 �0.521 7 6 0.039

Calendar year, % �0.211 0.004
2007 1 1 1 1 1
2008 5 6 4 4 5
2009 8 10 7 8 8
2010 9 9 8 9 9
2011 9 10 8 9 9
2012 8 8 8 8 8
2013 9 8 9 9 9
2014 10 10 10 10 10
2015 11 10 11 11 11
2016 11 10 12 11 10
2017 11 11 13 12 12
2018 8 7 9 8 8

Propensity score, mean 0.57 0.66 0.46 0.989 0.56 0.56 �0.032

ACEi, angiotensin-converting enzyme inhibitor; AD, Alzheimer’s dementia; ARB, angiotensin receptor blocker; ASA, acetylsalicylic acid; ChEI, acetylcholinesterase inhibitor; CT,
computed tomography; eGFR, estimated glomerular filtration rate; IPTW, inverse probability of treatment weighting; MMSE, Mini-Mental State Examination; MRI, magnetic
resonance imaging; NSAID, nonsteroidal anti-inflammatory drug.
aStandardized difference is calculated by dividing the mean by the standard deviation of the difference between treated and untreated groups. Standardized difference >0.1
indicates covariate imbalance.
Multiple imputation was performed for body weight, attained education, and albuminuria prior to calculating the propensity score.
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type) there was no suggestion of heterogeneity (Figure 3
and Supplementary Table S5). After censoring 464 non-
users who initiated ChEIs during follow-up, we observed
similar results to our main analysis (Supplementary
Tables S6–S8). Similar associations were also observed
when accounting for death as a competing risk
(Supplementary Tables S9 and S10). E values for the kidney
composite outcome and death were 1.56 and 1.63,
respectively, for the point estimates and 1.25 and 1.60,
respectively, for the upper confidence limit (Supplementary
Table S11). By comparing with the HR of other con-
founders in the model (Supplementary Table S12), we
interpreted the risk of unmeasured confounding to be
moderate. We observed a similar rate of creatinine testing
between both study groups during follow-up
(Supplementary Table S13). We observed similar results
to our main analysis in a 1:1 PS-matched cohort
Kidney International (2023) 103, 166–176
(Supplementary Tables S14 and S15) or in the subcohort
with information on albuminuria available at baseline
(Supplementary Tables S16 and S17).

DISCUSSION
There is growing evidence of a link between kidney disease
and mild cognitive decline or dementia.39–42 This observa-
tional study explores the possibility that ChEIs, drugs off-
setting cognitive decline,20–22 could potentially reduce the
speed of kidney function loss through activation of the CAP
system. We observed that compared with no initiation,
initiation of ChEI therapy within 90 days from AD diagnosis
was associated with a 18% lower risk of CKD progression.
Results were consistent across subgroups and across ChEI
subclasses. The results proved robust to a range of sensitivity
analyses including accounting for the competing risk of
death. We are not aware of other studies evaluating the
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Table 2 | Number of events, incidence rates, and adjusted HRs for the association between ChEI initiation and study outcomes

Outcomes Patients (n) Events (n) Person-time (yr) Incidence rate per 1000 person-years (95% CI)a HR (95% CI)b

CKD progression
Nonusers 5095 572 13,378 42.76 (39.39–46.41) Ref
ChEI users 6803 659 24,208 27.22 (25.22–29.38) 0.82 (0.71–0.96)

All-cause death
Nonusers 5095 2678 14,120 189.66 (182.61–196.98) Ref
ChEI users 6803 3013 25,393 118.66 (114.49–122.97) 0.79 (0.72–0.86)

Single components of the
primary outcome
Sustained eGFR decline >30%
Nonusers 5095 472 13,378 35.28 (32.24–38.61) Ref
ChEI users 6803 586 24,208 24.21 (22.32–26.25) 0.83 (0.71–0.98)

KRT or kidney-related death
Nonusers 5095 156 14,119 11.05 (9.44–12.93) Ref
ChEI users 6803 118 25,393 4.65 (3.88–5.57) 0.68 (0.51–0.89)

Abbreviations: ChEI, cholinesterase inhibitor; eGFR, estimated glomerular filtration rate; HR, hazard ratio; KRT, kidney replacement therapy; Ref, reference.
aIncidence rates are presented as number of events per 1,000 patient-years in unweighted cohort.
bHR is obtained in inverse probability of treatment weighted cohort adjusting for the variables listed in Table 1.

c l i n i ca l i nves t iga t i on H Xu et al.: Cholinesterase inhibitors, kidney disease, and dementia
effect of ChEIs on kidney function, and the observational
nature of our analysis renders our findings hypothesis-
generating.

The CAP is a regulatory mechanism through which the
autonomic nervous system affects the immune response.4

Autonomic dysfunction with an imbalance between sympa-
thetic and parasympathetic nerve activity is prevalent in a
variety of chronic diseases, including CKD.1 This neural
immune-regulatory circuit termed the “inflammatory reflex”
is believed to regulate macrophage cytokine release in the
spleen via acetylcholine-synthesizing lymphocytes located in
the proximity of catecholaminergic nerve endings.43,44 A se-
ries of animal studies have shown that the application of
efferent vagus nerve stimulation and brainstem C1 neuron
stimulation can reduce kidney damage and protect the kidney
from ischemia reperfusion by activating the CAP through the
splenic nerve.11–13,15 In a rat model, activation of the CAP
reduced chronic allograft nephropathy without any side ef-
fects for the recipient.16 Another animal study showed that
use of selective nicotinic acetylcholine receptor agonist may
Figure 2 | Weighted cumulative incidence curves of study outcomes
stratified by initiation of cholinesterase inhibitor (ChEI) therapy.
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improve autonomic control, inhibit nuclear factor kB acti-
vation, and reduce renal, fibrosis and inflammatory response
via CAP activation.14 In rats with glycerol-induced acute
kidney failure, treatment with the ChEI donepezil protected
rats from kidney dysfunction in a dose-dependent manner via
activation of CAP.45 In addition, other alternative and/or
complementary effects of CAP activation may also explain our
findings, such as stimulation of the vagal nerve to regulate
heart rate and blood pressure,46 modulation of vasodilation/
constriction mediated through nitric oxide and prostaglan-
dins47 or kidney perfusion.48,49

However, less is known about the effects of CAP activation
in humans. In a recent placebo-controlled randomized study
of patients with the metabolic syndrome, galantamine 8 mg/
d for 4 weeks followed by 16 mg/d for 8 weeks alleviated the
inflammatory state, improved insulin resistance, and
decreased the low frequency–high frequency ratio of heart
rate variability;50 the latter reflecting improvement in auto-
nomic dysfunction. In a small pilot study of 7 patients with
Crohn’s disease, 71% of patients achieved clinical remission
(a) chronic kidney disease (CKD) progression or (b) death

Kidney International (2023) 103, 166–176



Figure 3 | Association between cholinesterase inhibitor (ChEI) use and the risk of (a) chronic kidney disease (CKD) progression or (b)
all-cause death across subgroups. AD, Alzheimer’s dementia; CI, confidence interval; eGFR, estimated glomerular filtration rete; HR, hazard
ratio; MMSE, Mini-Mental State Examination.
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after activation of CAP for 6 months.51 Another study of 17
patients with rheumatoid arthritis showed that CAP activa-
tion inhibits cytokine production and attenuates the severity
of disease.52 Finally, in a noncontrolled pilot study of 12
persons on dialysis, activation of CAP by electrical stimula-
tion of the vagus nerve led to modest nonstatistically signif-
icant reductions in inflammatory markers.5

In a broader sense, the sympathetic and parasympathetic
nervous systems balance governs the autonomic function of
major organs such as kidneys as in the classical view of the
system. The cross talk between sympathetic and para-
sympathetic nervous systems is nowadays considered to play
a major role in fine-tuning the immune cells and system.53

Given that parasympathetic nerves are cholinergic, a major
part of preganglionic neurons of the sympathetic nervous
system are also cholinergic, and about 65% of neurons in
the enteric nervous system are cholinergic, it becomes
apparent that the therapeutic effects of ChEIs extend beyond
the mere stimulation of the central cholinergic system
involved in cognitive function.38,54 Neuropeptide Y, a sym-
pathetic neurotransmitter, has been shown to be associated
with CKD progression.55 Testing circulating neuropeptide Y
in patients may be a way to confirm the effect of ChEIs on
balance of sympathetic and parasympathetic nervous
systems.56

Comparing the use of a medication with nonuse may be
affected by confounding by indication, and our careful design
aimed at minimizing this by restricting our study to a
Kidney International (2023) 103, 166–176
population with an incident validated diagnosis of AD (the
sole approved indication for ChEIs) and by a rich weighting
of information that may have prompted the use of ChEIs,
including body weight, MMSE score, basic dementia workup,
or use of other medications such as memantine. We note,
however, that the reduction in kidney outcomes is also an
“unintended” effect of ChEIs, as these are not an indication
for treatment, and unintended effects generally suffer less
from confounding by indication than intended effects do.57,58

Because >90% of all patients starting ChEIs in our cohort did
so within the first 3 months, our landmark at day 90 seems
appropriate with low risk of exposure misclassification.
Furthermore, our sensitivity analysis censoring 430 patients
who initiated ChEIs during follow-up did not modify our
findings.

However, our study has limitations. We excluded 374 pa-
tients who died within 90 days from AD diagnosis, and their
causes of death may be informative. We followed an
intention-to treat design, but some patients may have stopped
treatment over time. We opted for this approach given that
the use of this medication is recommended to be chronic, and
the effect of ChEIs on kidney function is not immediate. The
progression of kidney disease is a slow process often requiring
years to reduce kidney function by 30%. We used a state-of-
the-art interpolation method to ascertain chronic declines in
kidney function, which is less susceptible to temporary acute
declines that may misclassify the outcome when requiring
only 1 measurement to pass the threshold. Because the
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frequency of creatinine testing was similar between both
treatment arms, we believe that findings are unlikely to be
explained by differential outcome ascertainment. A mean
difference of 0.12 ml/min per 1.73 m2 per year in the ChEI
group compared to the decline of 1.39 ml/min per 1.73 m2

per year among nonusers may seem small. However, for
comparison, we note that the BI 10773 (Empagliflozin)
Cardiovascular Outcome Event Trial in Type 2 Diabetes
Mellitus Patients (EMPA-REG OUTCOME) reported a
reduction of 0.19 � 0.11 ml/min per 1.73 m2 per year in the
empagliflozin group and 1.67 � 0.13 ml/min per 1.73 m2 per
year in the placebo group, which during the median 3.1 years
of observation, resulted in a 39% reduction in the risk of
adverse kidney outcomes.59 We also observed lower risk of
death among ChEI users, in a magnitude similar to what was
reported by a previous trial60 and several observational
studies,24,25,61 a finding that we believe can be considered as a
positive control outcome and that offers indirect validity to
our kidney outcome estimates. Information of albuminuria
was available by indication, which may invalidate our
assumption of missing at random for multiple imputation.
However, we could observe similar results after weighting for
albuminuria in the >4800 individuals where this was avail-
able. Our evaluation of dose responses are based on the
dosages used at the beginning of treatment. Most patients
received standard initiation ChEI dose, and we were probably
unpowered to evaluate dosages at the higher end of the
treatment spectrum. Furthermore, up-titration is frequent
during the first months of prescription, and this analysis
should thus be considered largely exploratory. We recognize
that we were unpowered to describe risks by ChEI subclasses,
and that lack of information on body weight changes over
time is a limitation that may bias the accuracy of eGFR during
follow-up. Our study, as all observational studies, is poten-
tially affected by residual and unmeasured confounding and
should not be used to guide clinical decisions.

To conclude, this study from routine care data suggests
that use of ChEIs, compared with nonuse, is associated with a
lower risk of CKD progression in patients with incident AD.
Further studies are warranted to better elucidate underlying
mechanisms and to assess potential pleiotropic effects of
ChEIs on kidney function in humans.

DISCLOSURE
BL is affiliated with Baxter Healthcare Corporation. All the other
authors declared no competing interests.
ACKNOWLEDGMENTS
HX is supported by StratNeuro (the Strategic Research Area
Neuroscience-Karolinska Institutet, Umeå University and Kungliga
Tekniska högskolan), the Center for Innovative Medicine Foundation
(CIMED, grant FoUI-963369), and the Swedish Research Council (grant
2022-01428). ME is supported by the Swedish Research Council
(grants 2016-02317 and 2020-02014) and the Regional Agreement on
Medical Training and Clinical Research between the Stockholm
County Council and the Karolinska Institutet. JJC is supported by the
174
Swedish Research Council (grant 2019-01059), the Swedish Heart and
Lung Foundation (grant 20190587), and the Westman Foundation.

AUTHOR CONTRIBUTIONS
HX, SG-P, ME, and JJC developed the study concept and design. HX
and JJC contributed to data analysis. HX and JJC contributed to
writing of the report. ME and JJC provided study materials. All authors
contributed to data interpretation, critical revision of the report, and
final approval. HX, ME, and JJC obtained funding. HX, ME, and JJC take
responsibility for all aspects of the report, and all authors take
responsibility for their contributions.
SUPPLEMENTARY MATERIAL
Supplementary File (Word)
Figure S1. Proportion of patients initiating cholinesterase inhibitors
(ChEIs) during the year after incident dementia diagnosis.
Figure S2. Balance of baseline characteristics before and after
weighting.
Figure S3.Mixed model output of estimated glomerular filtration rate
(eGFR) trajectories among cholinesterase inhibitor (ChEI) users and
nonusers.
Figure S4. Distribution of initiation dosages of ChEIs.
Figure S5. Starting cholinesterase inhibitor (ChEI) dose and risk with
(A) chronic kidney disease (CKD) progression and (B) all-cause death
risk using cubic splines.
Table S1. Definition of study covariates.
Table S2. Association between cholinesterase inhibitor (ChEI)
subclasses and the risk of study outcomes.
Table S3. Mixed model output of estimated glomerular filtration rate
(eGFR) trajectories among cholinesterase inhibitor (ChEI) users and
nonusers.
Table S4. Baseline characteristics stratified by initial cholinesterase
inhibitor (ChEI) dose among those with at least 2 ChEI dispenses
during the 3-month eligibility window (n ¼ 5893)
Table S5. Subgroups exploring interactions with cholinesterase
inhibitor (ChEI) use and the risk of study outcomes.
Table S6. Association between cholinesterase inhibitor (ChEI) use and
the risk of study outcomes censoring for ChEI initiation during follow-
up (as-treated analysis).
Table S7. Association between cholinesterase inhibitor (ChEI)
subclasses and the risk of study outcomes censoring for ChEI
initiation during follow-up (as-treated analysis).
Table S8. Subgroup analysis between ChEI use and the risk of CKD
progression censoring for ChEI initiation during follow-up.
Table S9. Competing risk model for cholinesterase inhibitor (ChEI)
use and the risk of chronic kidney disease (CKD) progression or death
attributed to nonrenal causes.
Table S10. Competing risk model for cholinesterase inhibitor (ChEI)
subclasses and the risk of chronic kidney disease (CKD) progression or
death attributed to nonrenal causes.
Table S11. E values for study outcomes.
Table S12. Full model of the association between cholinesterase
inhibitor (ChEI) initiation and study outcomes.
Table S13. Frequency of creatinine testing during follow-up, overall
and within yearly intervals.
Table S14. Sensitivity analysis; 1:1 propensity score–matched cohort.
Baseline characteristics stratified by cholinesterase inhibitor (ChEI)
treatment status within 3 months from an incident diagnosis of Alz-
heimer’s dementia after matching.
Table S15. Sensitivity analysis; 1:1 propensity score–matched cohort.
Number of events, incidence rates, and adjusted hazard ratios for the
association between cholinesterase inhibitor (ChEI) initiation and
study outcomes.
Kidney International (2023) 103, 166–176

https://doi.org/10.1016/j.kint.2022.09.022


H Xu et al.: Cholinesterase inhibitors, kidney disease, and dementia c l i n i ca l i nves t iga t ion
Table S16. Baseline characteristics stratified by cholinesterase
inhibitor (ChEI) treatment status within 3 months from an incident
diagnosis of Alzheimer’s dementia, before and after weighting in
the subcohort with albuminuria information available at baseline
(n ¼ 4834).
Table S17. Number of events, incidence rates, and adjusted hazard
ratios for the association between cholinesterase inhibitor (ChEI)
initiation and study outcomes in the subcohort with albuminuria
information available at baseline (n ¼ 4834).
REFERENCES
1. Furman D, Campisi J, Verdin E, et al. Chronic inflammation in the etiology

of disease across the life span. Nat Med. 2019;25:1822–1832.
2. Gidron Y, Deschepper R, De Couck M, et al. The vagus nerve can

predict and possibly modulate non-communicable chronic diseases:
introducing a neuroimmunological paradigm to public health. J Clin
Med. 2018;7:371.

3. Van Der Zanden EP, Boeckxstaens GE, de Jonge WJ. The vagus nerve as a
modulator of intestinal inflammation. Neurogastroenterol Motil. 2009;21:
6–17.

4. Tracey KJ. The inflammatory reflex. Nature. 2002;420:853–859.
5. Hilderman M, Bruchfeld A. The cholinergic anti-inflammatory pathway in

chronic kidney disease-review and vagus nerve stimulation clinical pilot
study. Nephrol Dial Transplant. 2020;35:1840–1852.

6. Saeed RW, Varma S, Peng-Nemeroff T, et al. Cholinergic stimulation
blocks endothelial cell activation and leukocyte recruitment during
inflammation. J Exp Med. 2005;201:1113–1123.

7. Eckardt KU, Coresh J, Devuyst O, et al. Evolving importance of kidney
disease: from subspecialty to global health burden. Lancet. 2013;382:
158–169.

8. Ebert T, Pawelzik SC, Witasp A, et al. Inflammation and premature ageing
in chronic kidney disease. Toxins. 2020;12:227.

9. Matsushita K, van der Velde M, Astor BC, et al. Association of estimated
glomerular filtration rate and albuminuria with all-cause and
cardiovascular mortality in general population cohorts: a collaborative
meta-analysis. Lancet. 2010;375:2073–2081.

10. Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, et al. Chronic kidney
disease and cardiovascular risk: epidemiology, mechanisms, and
prevention. Lancet. 2013;382:339–352.

11. Wang M, Deng J, Lai H, et al. Vagus nerve stimulation ameliorates
renal ischemia-reperfusion injury through inhibiting NF-kB
activation and iNOS protein expression. Oxid Med Cell Longev.
2020;2020:7106525.

12. Inoue T, Abe C, Kohro T, et al. Non-canonical cholinergic anti-
inflammatory pathway-mediated activation of peritoneal macrophages
induces Hes1 and blocks ischemia/reperfusion injury in the kidney.
Kidney Int. 2019;95:563–576.

13. Uni R, Inoue T, Nakamura Y, et al. Vagus nerve stimulation even after
injury ameliorates cisplatin-induced nephropathy via reducing
macrophage infiltration. Sci Rep. 2020;10:9472.

14. Wu SJ, Shi ZW, Wang X, et al. Activation of the cholinergic anti-
inflammatory pathway attenuated angiotension II-dependent
hypertension and renal injury. Front Pharmacol. 2021;12:593682.

15. Inoue T, Abe C, Sung SS, et al. Vagus nerve stimulation mediates
protection from kidney ischemia-reperfusion injury through a7nAChRþ
splenocytes. J Clin Invest. 2016;126:1939–1952.

16. Hoeger S, Fontana J, Jarczyk J, et al. Vagal stimulation in brain dead
donor rats decreases chronic allograft nephropathy in recipients. Nephrol
Dial Transplant. 2014;29:544–549.

17. Hoeger S, Bergstraesser C, Selhorst J, et al. Modulation of brain dead
induced inflammation by vagus nerve stimulation. Am J Transplant.
2010;10:477–489.

18. Zoccali C, Ciccarelli M, Maggiore Q. Defective reflex control of heart rate
in dialysis patients: evidence for an afferent autonomic lesion. Clin Sci.
1982;63:285–292.

19. Stiegler A, Li JH, Shah V, et al. Systemic administration of choline
acetyltransferase decreases blood pressure in murine hypertension. Mol
Med. 2021;27:133.

20. Nichols E, Szoeke CEI, Vollset SE, et al. Global, regional, and national
burden of Alzheimer’s disease and other dementias, 1990–2016: a
Kidney International (2023) 103, 166–176
systematic analysis for the Global Burden of Disease Study 2016. Lancet
Neurol. 2019;18:88–106.

21. Buckley JS, Salpeter SR. A risk-benefit assessment of dementia
medications: systematic review of the evidence. Drugs Aging. 2015;32:
453–467.

22. Xu H, Garcia-Ptacek S, Jönsson L, et al. Long term effects of
cholinesterase inhibitors on cognitive decline and mortality. Neurology.
2021;96. e2220–e2230.

23. Marucci G, Buccioni M, Ben DD, et al. Efficacy of acetylcholinesterase
inhibitors in Alzheimer’s disease. Neuropharmacology. 2021;190:108352.

24. Tan ECK, Johnell K, Garcia-Ptacek S, et al. Acetylcholinesterase inhibitors
and risk of stroke and death in people with dementia. Alzheimers
Dement. 2018;14:944–951.

25. Nordstrom P, Religa D, Wimo A, et al. The use of cholinesterase
inhibitors and the risk of myocardial infarction and death: a
nationwide cohort study in subjects with Alzheimer’s disease. Eur
Heart J. 2013;34:2585–2591.

26. Wattmo C, Londos E, Minthon L. Response to cholinesterase inhibitors
affects lifespan in Alzheimer’s disease. BMC Neurol. 2014;14:173.

27. Religa D, Fereshtehnejad SM, Cermakova P, et al. SveDem, the Swedish
Dementia Registry—a tool for improving the quality of diagnostics,
treatment and care of dementia patients in clinical practice. PLoS One.
2015;10:e0116538.

28. Runesson B, Gasparini A, Qureshi AR, et al. The Stockholm CREAtinine
Measurements (SCREAM) project: protocol overview and regional
representativeness. Clin Kidney J. 2016;9:119–127.

29. Ludvigsson JF, Svedberg P, Olen O, et al. The Longitudinal Integrated
Database for Health Insurance and Labour Market Studies (LISA) and its
use in medical research. Eur J Epidemiol. 2019;34:423–437.

30. Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate
glomerular filtration rate. Ann Intern Med. 2009;150:604–612.

31. Sumida K, Nadkarni GN, Grams ME, et al. Conversion of urine protein-
creatinine ratio or urine dipstick protein to urine albumin-creatinine ratio
for use in chronic kidney disease screening and prognosis: an individual
participant-based meta-analysis. Ann Intern Med. 2020;173:426–435.

32. Coresh J, Turin TC, Matsushita K, et al. Decline in estimated glomerular
filtration rate and subsequent risk of end-stage renal disease and
mortality. JAMA. 2014;311:2518–2531.

33. Zee J, Mansfield S, Mariani LH, Gillespie BW. Using all longitudinal data to
define time to specified percentages of estimated GFR decline: a
simulation study. Am J Kidney Dis. 2019;73:82–89.

34. Hager K, Baseman AS, Nye JS, et al. Effect of concomitant use of
memantine on mortality and efficacy outcomes of galantamine-treated
patients with Alzheimer’s disease: post-hoc analysis of a randomized
placebo-controlled study. Alzheimers Res Ther. 2016;8:47.

35. Fu EL, Groenwold RHH, Zoccali C, et al. Merits and caveats of
propensity scores to adjust for confounding. Nephrol Dial Transplant.
2019;34:1629–1635.

36. Normand ST, Landrum MB, Guadagnoli E, et al. Validating
recommendations for coronary angiography following acute myocardial
infarction in the elderly: a matched analysis using propensity scores.
J Clin Epidemiol. 2001;54:387–398.

37. Crowther MJ, Lambert PC. A general framework for parametric survival
analysis. Stat Med. 2014;33:5280–5297.

38. VanderWeele TJ, Ding P. Sensitivity analysis in observational research:
introducing the E-value. Ann Intern Med. 2017;167:268–274.

39. Etgen T. Kidney disease as a determinant of cognitive decline and
dementia. Alzheimers Res Ther. 2015;7:29.

40. Zammit AR, Katz MJ, Bitzer M, Lipton RB. Cognitive impairment and
dementia in older adults with chronic kidney disease: a review. Alzheimer
Dis Assoc Disord. 2016;30:357–366.

41. Bikbov B, Soler MJ, Pe�si�c V, et al. Albuminuria as a risk factor for mild
cognitive impairment and dementia-what is the evidence? Nephrol Dial
Transplant. 2021;37(suppl 2):ii55–ii62.

42. Xu H, Garcia-Ptacek S, Trevisan M, et al. Kidney function, kidney function
decline, and the risk of dementia in older adults: a registry-based study.
Neurology. 2021;96. e2956–e2965.

43. Rosas-Ballina M, Ochani M, Parrish WR, et al. Splenic nerve is required for
cholinergic antiinflammatory pathway control of TNF in endotoxemia.
Proc Natl Acad Sci U S A. 2008;105:11008–11013.

44. Rosas-Ballina M, Olofsson PS, Ochani M, et al. Acetylcholine-
synthesizing T cells relay neural signals in a vagus nerve circuit.
Science. 2011;334:98–101.
175

http://refhub.elsevier.com/S0085-2538(22)00844-4/sref1
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref1
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref2
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref2
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref2
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref2
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref3
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref3
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref3
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref4
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref5
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref5
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref5
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref6
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref6
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref6
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref7
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref7
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref7
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref8
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref8
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref9
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref9
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref9
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref9
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref10
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref10
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref10
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref11
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref11
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref11
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref11
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref12
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref12
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref12
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref12
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref13
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref13
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref13
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref14
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref14
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref14
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref15
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref15
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref15
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref16
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref16
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref16
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref17
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref17
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref17
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref18
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref18
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref18
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref19
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref19
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref19
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref20
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref20
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref20
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref20
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref21
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref21
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref21
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref22
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref22
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref22
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref23
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref23
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref24
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref24
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref24
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref25
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref25
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref25
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref25
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref26
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref26
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref27
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref27
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref27
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref27
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref28
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref28
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref28
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref29
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref29
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref29
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref30
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref30
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref31
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref31
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref31
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref31
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref32
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref32
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref32
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref33
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref33
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref33
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref34
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref34
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref34
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref34
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref35
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref35
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref35
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref36
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref36
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref36
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref36
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref37
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref37
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref38
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref38
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref39
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref39
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref40
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref40
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref40
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref41
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref41
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref41
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref41
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref41
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref42
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref42
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref42
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref43
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref43
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref43
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref44
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref44
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref44


c l i n i ca l i nves t iga t i on H Xu et al.: Cholinesterase inhibitors, kidney disease, and dementia
45. Sun G, Wang J, Wang P, et al. Donepezil protects glycerol-induced acute
renal failure through the cholinergic anti-inflammatory and nitric oxide
pathway in rats. Immunopharmacol Immunotoxicol. 2020;42:625–631.

46. Masuda Y. Cardiac effect of cholinesterase inhibitors used in
Alzheimer’s disease—from basic research to bedside. Curr Alzheimer
Res. 2004;1:315–321.

47. Kellogg DL Jr, Zhao JL, Coey U, Green JV. Acetylcholine-induced
vasodilation is mediated by nitric oxide and prostaglandins in human
skin. J Appl Physiol. 2005;98:629–632.

48. Kamata K, Hosokawa M, Matsumoto T, Kobayashi T. Acetylcholine-
induced vasodilation in the perfused kidney of the streptozotocin-
induced diabetic rat: role of prostacyclin. J Smooth Muscle Res. 2006;42:
159–170.

49. Ay I, Tuncer M. Both endothelium and afferent nerve endings play a
role in acetylcholine-induced renal vasodilation. Life Sci. 2006;79:
877–882.

50. Sangaleti CT, Katayama KY, De Angelis K, et al. The cholinergic drug
galantamine alleviates oxidative stress alongside anti-inflammatory and
cardio-metabolic effects in subjects with the metabolic syndrome in a
randomized trial. Front Immunol. 2021;12:613979.

51. Bonaz B, Sinniger V, Hoffmann D, et al. Chronic vagus nerve stimulation
in Crohn’s disease: a 6-month follow-up pilot study. Neurogastroenterol
Motil. 2016;28:948–953.

52. Koopman FA, Chavan SS, Miljko S, et al. Vagus nerve stimulation inhibits
cytokine production and attenuates disease severity in rheumatoid
arthritis. Proc Natl Acad Sci U S A. 2016;113:8284–8289.
176
53. Matejuk A, Vandenbark AA, Offner H. Cross-talk of the CNS with
immune cells and functions in health and disease. Front Neurol.
2021;12:672455.

54. Warren NM, Piggott MA, Perry EK, Burn DJ. Cholinergic systems in
progressive supranuclear palsy. Brain. 2005;128(Pt 2):239–249.

55. Zoccali C, D’Arrigo G, Leonardis D, et al. Neuropeptide Y and chronic
kidney disease progression: a cohort study. Nephrol Dial Transplant.
2018;33:1805–1812.

56. Zoccali C, Ortiz A, Blumbyte IA, et al. Neuropeptide Y as a risk factor for
cardiorenal disease and cognitive dysfunction in chronic kidney disease:
translational opportunities and challenges. Nephrol Dial Transplant.
2021;37(suppl 2):ii14–ii23.

57. Vandenbroucke JP. Observational research, randomised trials, and two
views of medical science. PLoS Med. 2008;5:e67.

58. Vandenbroucke JP. When are observational studies as credible as
randomised trials? Lancet. 2004;363:1728–1731.

59. Wanner C, Inzucchi SE, Lachin JM, et al. Empagliflozin and
progression of kidney disease in type 2 diabetes. N Engl J Med.
2016;375:323–334.

60. Hager K, Baseman AS, Nye JS, et al. Effects of galantamine in a 2-year,
randomized, placebo-controlled study in Alzheimer’s disease.
Neuropsychiatr Dis Treat. 2014;10:391–401.

61. Secnik J, Schwertner E, Alvarsson M, et al. Cholinesterase inhibitors in
patients with diabetes mellitus and dementia: an open-cohort study of
w23 000 patients from the Swedish Dementia Registry. BMJ Open
Diabetes Res Care. 2020;8:e000833.
Kidney International (2023) 103, 166–176

http://refhub.elsevier.com/S0085-2538(22)00844-4/sref45
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref45
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref45
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref46
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref46
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref46
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref47
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref47
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref47
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref48
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref48
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref48
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref48
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref49
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref49
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref49
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref50
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref50
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref50
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref50
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref51
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref51
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref51
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref52
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref52
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref52
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref53
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref53
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref53
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref54
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref54
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref55
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref55
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref55
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref56
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref56
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref56
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref56
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref57
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref57
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref58
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref58
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref59
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref59
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref59
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref60
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref60
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref60
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref61
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref61
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref61
http://refhub.elsevier.com/S0085-2538(22)00844-4/sref61

	Association between cholinesterase inhibitors and kidney function decline in patients with Alzheimer’s dementia
	Methods
	Data sources
	Study design and study population
	Exposure
	Covariates
	Outcomes
	Statistical analyses

	Results
	Patient characteristics
	Use of ChEI and the risk of CKD progression
	Use of ChEIs and the risk of death
	Subgroup and sensitivity analyses

	Discussion
	Disclosure
	Acknowledgments
	Author Contributions
	Supplementary Material
	References


