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Abstract

Losartan is an oral antihypertensive agent that is rapidly metabolized to EXP3174 (angiotensin-subtype-1-receptor blocker) and EXP3179
(peroxisome proliferator-activated receptor gamma [PPARY| agonist), which was shown in animal studies to reduce inflammation, enhance
mitochondrial energetics, and improve muscle repair and physical performance. We conducted an exploratory pilot study evaluating losartan
treatment in prefrail older adults (age 70-90 years, N = 25). Participants were randomized to control (placebo) or treatment (daily oral losartan
beginning at 25 mg per day and increasing every 8 weeks) for a total of 6 months. Fatigue, hyperkalemia, and hypotension were the most observed
side effects of losartan treatment. Participants in the losartan group had an estimated 89% lower odds of frailty (95% confidence interval [CI]:
18% to 99% lower odds, p = .03), with a 0.3-point lower frailty score than the placebo group (95% CI: 0.01-0.5 lower odds, p = .04). Frailty
score was also negatively associated with serum losartan and EXP3179 concentrations. For every one standard deviation increase in EXP3179 (ie,
0.0011 ng/uL, based on sample values above detection limit) and EXP3174 (ie, 0.27 ng/pL, based on sample values above detection limit), there was
a0.0035 N (95% CI: 0.0019-0.0051, p < .001) and a 0.0027 N (95% CI: 0.00054-0.0043, p = .007) increase in average knee strength, respectively.

© The Author(s) 2022. Published by Oxford University Press on behalf of The Gerontological Society of America.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.
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Losartan treatment was associated with lower concentrations of tumor necrosis factor o receptor 1; improvements in mitochondrial health

biomarkers, such as higher serum concentrations of arginine and spermidine, with lower concentrations of nitrotyrosine, and lower extracellular

concentrations of several intermediates of energy metabolism. Our findings suggest that losartan treatment improves molecular and clinical

measures of frailty and may show a role for losartan’s nonangiotensin PPARy pathway.

Keywords: Citric acid cycle, EXP3174, EXP3179, Frailty, Losartan

Frail older adults are particularly vulnerable to a myriad of adverse
health outcomes, including early mortality, functional decline, dis-
ability, and falls (1,2). Physical frailty is determined by an aggregate
score that includes weight loss, low activity levels, muscle weakness,
exhaustion, and slow walking speed and categorizes patients as frail,
prefrail, or robust (1). The etiopathogenesis of physical frailty and
the adverse outcomes associated with it are not well defined, but
chronic inflammation, mitochondrial damage with bioenergetic
failure, cellular senescence, and impaired autophagy are associated
with frailty in older adults (3-6).

The renin-angiotensin system (RAS), a central regulator of
blood pressure (BP) and sodium balance, is involved (via activa-
tion of the angiotensin type 1 receptor [AT R]) in several molecular
mechanisms that are linked to frailty, including chronic inflamma-
tion, oxidative stress damage, mitochondrial decline, and impaired
autophagy (7-9). Angiotensin receptor blockers (ARBs) have estab-
lished renal, cardiovascular, and BP benefits and are in widespread
clinical use. In contrast, the impact of angiotensin receptor blockade
on physical function and life span in humans remains unclear (10).
RAS blockade in animal studies reduced inflammation, enhanced
mitochondrial energetics, improved muscle repair and physical per-
formance (11) and led to a 25% increase in life span (12). However,
in human studies, the impact of RAS blockade on muscle function
and physical performance has varied widely (13-17).

Losartan is the first nonpeptide orally active AT R blocker to
be approved for use as an antihypertensive agent. It is a prodrug
that is metabolized by the liver into 2 distinct metabolites (18).

Approximately 14% of a losartan dose is converted to the EXP3174
metabolite (19), which is 10- to 40-fold more potent than losartan
and mediates most of its AT R-blocking effects. The second metab-
olite, EXP3179 (20), has no AT ,R-blocking activity but possesses
strong peroxisome proliferator-activated receptor gamma (PPARY)
agonistic activity and exerts antiinflammatory effects by inhibiting
cyclooxygenase (COX)-2. Furthermore, EXP3179 stimulates the re-
lease of nitric oxide (NO), and it has been suggested that NO me-
diates some of the antidiabetic activity of losartan (21). The use of
losartan in studies involving older animal models showed promise in
improving the regeneration of injured muscle and protecting against
muscle wasting due to inactivity (22,23).

In this study, we postulated that in prefrail older adults, the use of
losartan would be associated with reductions in the concentrations
of markers of inflammation and oxidative stress, improved physical
function, and improved frailty status. We focused on prefrail older
adults because they have an intermediate risk of poor health out-
comes. Hence, their risk of morbidity and mortality is lower than
those who are frail, and hypothetically, may have better chances
of experiencing improvements in molecular and physical outcomes
due to targeted treatment. We conducted a randomized, placebo-
controlled pilot clinical trial of losartan in prefrail older adults aged
70 and older that aimed to assess the safety, tolerability, and dosing
range of losartan treatment as well as assess the overall efficacy and
dose-response of losartan on muscle strength. We also analyzed the
effects of 6 months of losartan treatment on physical function and
the molecular pathways that are associated with frailty.
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Method

The following sections contain a brief overview of the methods used
for results presented in this article. For further details of these meth-
odologies, see Supplementary Materials online.

Participant Recruitment

Participants were included if they were aged 70 years and older and
classified as prefrail based on the physical frailty phenotype (PEP) (1).
All participants were from Baltimore and were recruited from a Johns
Hopkins University (JHU) Institutional Review Board (IRB)-approved
registry of older adults willing to participate in research studies as well
as the general community through newspaper advertisements. The
study was approved by the JHU IRB with approval #NA_00078435
and registered at ClinicalTrials.gov #NCT01989793. This pilot study
was conducted under Investigational New Drug Exemption from
the Food and Drug Administration for the off-label indication use of
Losartan. A formal Data Safety Monitoring Board was established be-
fore the trial commenced and met regularly throughout the trial to re-
view all recruitment efforts, participant’s safety, and any reported side
effects. All potential participants underwent initial phone screening, and
those who qualified were provided with a consent form to review be-
fore their in-person screening visit. Potential participants were excluded
if they had unstable cardiovascular disease, current use of ARBs or
angiotensin-converting enzyme (ACE) inhibitors, a prior allergic reac-
tion to or hyperkalemia while taking any ARB, chronic renal failure
with a glomerular filtration rate of <30 mL/min/1.73 m?, daily use of
nonsteroidal antiinflammatory agents, use of steroids, lower-extremity
disability that would prevent muscle strength testing, echocardiogram-
diagnosed cardiac failure as evidenced by a left ventricular ejection frac-
tion less than 50%, cognitive impairment based on a Mini-Mental State
Examination score <24, or a BP consistently less than 110/70 mmHg.

Study Design

Study visits

Four study visits, 8 weeks apart, took place in the Institute for Clinical
and Translational Research (ICTR) clinical research unit (CRU) on the
Johns Hopkins Bayview Medical Center campus. Additional phone
calls were made every 2 weeks to monitor safety and compliance.
Participants who gave their informed consent attended a screening
visit, during which their prefrail status was confirmed based on grip
strength and walking speed assessments and selfreported physical ac-
tivity/fatigue/weight loss. Once they were deemed eligible to enroll,
participants were randomized to either the control group or the treat-
ment group with a computerized randomization program. Participants
were started on 25 mg tablets (or the placebo) and were instructed
to take the pills every morning. Every 8 weeks, those in the losartan
treatment arm were given an increased dose of losartan, from 25 mg to
50 mg to 100 mg. Matching placebo pills were also given out at these
intervals to those in the control group. Validation of compliance was
achieved by asking participants about their pill (placebo or losartan)
intake. Patients were evaluable if they stated that they took 100% of
the planned treatment dose. Participants were monitored for poten-
tial side effects or symptoms listed in the exclusion criteria, such as
hypotension, falls with fracture, hyperkalemia, and elevated serum cre-
atinine concentration. All exams for primary and secondary param-
eters were done by trained CRU staff who were blinded to both groups.

Physical measures

The primary outcome, isokinetic strength, was measured as the bilat-
eral knee concentric strength using a Biodex System 3 dynamometer
as previously described (24).

Frailty, which was the secondary outcome, was measured using
the PFP criteria of unintentional weight loss, weakness, poor endur-
ance, slowness, and low physical activity (1,25). Those meeting none
of the 5 criteria were categorized as robust, those with 1 or 2 criteria
were categorized as prefrail, and those with three or more criteria
were considered frail. In this study, only older individuals who were
prefrail at baseline were included.

Phlebotomy and blood processing

Nonfasting blood collection was also performed in the morning on the
day of each visit before the losartan dose was increased or the placebo
was continued. Blood was processed, and serum aliquots were then
transferred to cryovials and stored at ~80°C until the lab assays were
performed. The number of freeze-thaw cycles was limited to <3.

Laboratory Analyses

Blood chemistry and serum cytokines

Comprehensive metabolic panels were analyzed by the JHU Bayview
Hospital Clinical Laboratory. Serum cytokines (interleukin-6 [IL6],
tumor necrosis factor a [TNFa], tumor necrosis factor o receptor 1
[TNFaR1], and interleukin-1f [IL1{]) were assayed using a quanti-
tative sandwich ELISA (Mesoscale Diagnostics, Rockville, MD) fol-
lowing the manufacturer’s protocol. The performance characteristics
of the cytokine immunoassay included a lower limit of detection of
0.09 pg/mL and a lower limit of quantitation of 0.30 pg/mL. These
measures were performed in the JHU ICTR Core Laboratory.

Losartan, EXP3174, and EXP3179

Samples from the losartan treatment group were analyzed for
losartan, EXP3174, and EXP3179 concentrations by ultra-
performance liquid chromatography (LC/MS/MS) in 1 bioanalytical
run. The analytes were extracted from the serum by protein pre-
cipitation using acetonitrile containing an internal standard (thiori-
dazine). The mass spectrometer was programmed to monitor the
following MRM transitions: 437.1 > 207.2 for EXP3174; 421.1 >
207.1 for EXP3179; 423.1 > 207.2 for losartan; and 371.0 > 126.0
for thioridazine. The calibration curve was computed using the area
ratio peak of the analysis to the internal standard based on a quad-
ratic equation with a 1/x? weighting function over the concentration
range of 5-2 000 ng/mL for losartan, 25-2 000 ng/mL for EXP3174,
and 0.1-200 ng/mL for EXP3179. Accuracy for losartan, EXP3174,
and EXP3179 was >91.6%, >91.7%, and >97.8%, respectively. This
accuracy met the acceptance criteria for bioanalytical assays (26)

Metabolomics
Metabolites were extracted, and their concentrations in the losartan
treatment group were obtained using the AbsoluteIDQ kit p180
(Biocrates Life Science AG, Austria), following the manufacturer’s
protocol for the APIS500 LC/MS/MS System (AB SCIEX,
Framingham, MA, USA) running with Analyst 1.5.2 software and
equipped with an electrospray ionization source, a Shimadzu CBM-
20A command module, LC-20AB pump, Shimadzu SIL-20AC-HT
autosampler and a CTO-10Ac column oven heater as previously de-
scribed (27). Of the 186 preconfigured metabolites and ratios in the
kit, 121 metabolites were quantifiable in our serum samples.
Tricarboxylic acid (TCA) cycle and glycolysis metabolites were
extracted from the serum samples using 80% (vol/vol) mass spec-
trometry grade methanol. Data acquisition from the samples was
performed using a Thermo Scientific Q Exactive Plus Orbitrap
Mass Spectrometer and a Vanquish UPLC system (Waltham, MA).
Acquired data were analyzed using Thermo Scientific Compound
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Discoverer and TraceFinder software. The intensities of each me-
tabolite were obtained by integrating chromatographic peaks. Fold
change was calculated by dividing the intensities by the average in-
tensity of the baseline group for each metabolite.

Statistical Analysis

Participant characteristics, baseline chemistry lab values, physical meas-
urements, and inflammatory lab values were summarized stratified by
study arm using means and standard deviations (SD) or medians and
interquartile ranges (IQR) for continuous variables and frequencies for
categorical variables. Thirty-seven patients were recruited for the study.
Twenty-five participants completed all study visits and included 10 in
the treatment group and 15 who received placebo.

Study arm comparisons

Population-average marginal generalized linear models were fit to
assess differences between the treatment arms for the primary (iso-
kinetic strength) and secondary (frailty) outcomes as well as walking
speed, the 6-minute walk test (m), and dominant-hand grip strength
(kg). The change from baseline at each visit was used as the de-
pendent variable. The independent variables were baseline outcome
level, study arm, visit and visit by arm interaction to evaluate whether
the change in outcome by arm differed by visit. If the interaction
term was not statistically significant at the 0.05 level, the final model
included only the study arm, baseline outcome, and visit. Additional
adjustments were performed for age and sex. The models were es-
timated using generalized estimating equations (GEEs) with an ex-
changeable working correlation structure.

Frailty status was dichotomized as frail, represented in these
analyses by a score of 3 or more, or not frail/prefrail, which were
defined as a score of 0 or 1-2, respectively. To compare frailty status
by arm, the GEE model described earlier was extended to include
binomial family and logit links to estimate the odds ratios for frailty
in the losartan and placebo groups, with adjustment for visit.

Losartan group analyses

We assessed the changes in the outcomes according to losartan dose
in the treatment arm and the correlations of losartan and its me-
tabolite concentrations with the outcomes. These analyses should
be considered exploratory; therefore, no multiplicity adjustments
were used.

To assess the changes in the outcomes with an increase in the
losartan dose, population-average marginal generalized linear
models with logarithmic links and robust variance were used with
visit as the predictor to estimate the percent changes in outcomes. In
the results section, we report the changes observed at the end of the
study (Visit 4: 100 mg). These models for the active arm were refit to
include losartan or its serum metabolite concentrations and visit to
assess the associations of physical measures, serum cytokines, oxida-
tive stress markers, targeted metabolomics outcomes with the con-
centrations of losartan and its metabolites while controlling for the
dose/visit. The level of statistical significance was at the 0.05 level.

The analysis was performed using SAS (Statistical Analysis
Software 9.4, SAS Institute Inc, Cary, NC) and Stata 15 Statistical
Software (StataCorp, College Station, TX).

Results

We enrolled a total of 37 participants who were 70 years or older
(Figure 1). Eighteen participants were randomized to the losartan

Assessed for Eligibility
(219 potential participants)

Excluded
(164)

Screening Visit: Week 0

[Consent, Physical and Laboratory
Measurements]

(55 pre-screen)
Excluded
18
Randomized
(37 participants)

Allocated to Losartan 25 mg Allocated to Placebo
(18) (19)

Discontinued Study Discontinued Study
(6) 4

[ Visit 2: 8 weeks Visit 2: 8 weeks J

[Physical and Laboratory [Physical and Laboratory
Measurements, Losartan 50 mg] Measurements, Continue Placebo]

Discontinued Study
2

Visit 3: 16 weeks

Visit 3: 16 weeks
[Physical and Laboratory
Measurements, Continue
Placebo]

[Physical and Laboratory
Measurements, Losartan 100 mg]

Visit 4: 24 weeks Visit 4: 24 weeks

[Physical and Laboratory
Measurements, Stop Losartan]

[Physical and
Laboratory
Measurements,
Stop Placebo]

Completed
(10)

Completed
(15)

Figure 1. Study design with participant enrollment, withdrawal, and
completion.

treatment group, while 19 were randomized to the placebo con-
trol group. During the study, 4 participants withdrew from the
placebo group, leaving 15 participants who completed the study.
Six participants withdrew from the losartan group, with an add-
itional 2 participants who were withdrawn by study investigators,
leaving 10 participants who completed the study. Supplementary
Table 1 shows the detailed reasons participants withdrew or were
excluded. In the treatment group, there were 4 participants who
experienced side effects that were more likely related to losartan,
raising some questions about the tolerability. An independent Data
Safety Monitoring Board evaluated the withdrawal reasons and
determined that the trial could continue safely. The baseline demo-
graphic and clinical variables of the participants who completed
the study are presented in Table 1.

Losartan Serum Concentrations Increased With
Increasing Doses With High Variability Among
Individuals

Losartan is a unique ARB because it is a prodrug that is absorbed
after oral administration, reaches a plasma peak in 2 hours and is
metabolized by CYP3A4 and CYP2C9 into 2 active metabolites,
EXP3174 (a potent, selective AT R blocker) and EXP3179 (a PPAR-y
agonist). Given potential variability in drug exposure with aging
due to differences in drug metabolism and drug interactions from
polypharmacy, we measured the serum concentrations of losartan
and its active metabolites (EXP3174 and EXP3179) at each visit.
Our data show an overall increase in the concentrations of losartan
and its active metabolites that correlated with the increase in dose
(Supplementary Figure 1). Thus, on average, we observed increases
in the serum concentrations of losartan and its metabolites with
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Table 1. Baseline Measurements in Participants Who Completed the Study

Placebo Losartan p Value
N=1§ N=10
Physical measurements®
Age (years) 78.1(6.3) 75.1 (5.0) 22
Sex 44
Male 0 (66.7 5(50.0)
Female 5(33.3 5(50.0)
Systolic blood pressure (mmHg) 138.2 (16.9 139.4 (21.1) .88
Diastolic blood pressure (mmHg) 73.6 (12.5 72.1 (12.5) 77
Heart rate (beats per minute) 70.6 (11.4 63.2 (5.8) .062
Body mass index (kg/m?) 27.3(5.0) 30.2 (4.4) .14
Dominant-hand grip strength (kg) 21 9(7.1) 24 1(9.9) 55
Walking speed (m/sec) 1(0.2) 1(0.2) .73
Six minute walk (m) 435 9 (132 423 0 (80.6) 78
Biodex both knee max strength (N) 77.7 (27. 85.9 (39.1) .54
Chemistry lab values*
Potassium (mEq/L) 4.1 (0.4) 4.2(0.4) 53
Blood urea nitrogen (mg/dL) 16.4 (4.2) 19.4 (6.9) .20
Creatinine (mg/dL) 1.0 (0.2) 1.0 (0.3) .66
Chloride (mEq/L) 104.4 (2.8) 105.8 (1.6) 14
Carbon dioxide(mmol/L) 28.1(2.5) 27.7 (2.1) .67
Aspartate aminotransferase (IU/L) 18.8 (3.6) 22.2 (10.6) 27
Alanine aminotransferase (IU/L) 22.9 (6.8) 32.0(19.3) 11
Albumin (g/dL) 3.8 (0.9) 3.9 (0.3) 46
Total bilirubin (mg/dL) 0.7 (0.6) 0.7 (0.3) 78
Inflammatory lab values**
Interleukin-1f (pg/mL) 24.1 (11.6-84.1) 20.4 (14.0-88.8) .61
Tumor necrosis factor-a (pg/mL) 3.8 (2.1-10.2) 2.9 (2.2-6.5) 25
Tumor necrosis factor-a receptor 1 (pg/mL) 1313.7 (713.4-2344.8) 1189.1 (633.0-1785.0) .57

Notes:

*Data are presented as the means (standard deviation [SD]) for continuous measures.

“"Data are presented as the medians (interquartile ranges [IQRs])

each increase in the dose of oral losartan. However, we observed sig-
nificant differences in interpatient serum drug concentrations, even
though all those in the losartan treatment arm were given the same
dose schedule. After being administered a 25 mg (Visit 2) oral dose,
1 patient had a losartan serum concentration of 46.8 ng/mL, which
was approximately twofold higher (24.4 ng/mL) than that in a pa-
tient who was administered a 100 mg (Visit 4) oral dose.

Higher Losartan Doses and Serum Concentrations
Were Associated With Decreased BP and Increased
Blood Urea Nitrogen

To determine the effects of losartan on the body systems traditionally
impacted by ARBs, we examined changes in BP, heart rate (HR), and
comprehensive metabolic panel (CMP) parameters with increasing
losartan doses in participants in the treatment group (Table 2).

As expected, the BP decreased with losartan treatment. The seem-
ingly paradoxical increase in HR after the drop in BP in our treated
participants was expected, as tachycardia is a baroreceptor func-
tional response to a decrease in BP. This provided additional func-
tional validation of the measured serum concentrations of losartan
and its metabolites. Similarly, the CMP showed several renal func-
tion and acid-base balance changes commonly seen with the use of
losartan (28-30). Given the potential associations among metabolic
markers, liver function, and creatinine clearance, we conducted an
analysis comparing serum losartan, EXP3174, and EXP3179 con-
centrations using Child-Pugh scores to represent the liver function
and the estimated glomerular filtration rate (eGFR) calculated with
the CKD-EPI equation to represent the renal function. There were

for continuous measures.

no associations between drug concentrations and liver function or
eGFR.

Losartan Treatment Led to Improvements in Knee
Strength and Frailty

The primary goal of this study was to determine whether oral
losartan treatment positively impacts muscle strength in prefrail
older adults (graphical abstract).

The change in average knee strength over 6 months was 0.09 N
(95% confidence interval [CI]: -5.62-5.81) higher in the losartan
group than in the placebo group after adjustment for losartan dose
and baseline strength, though the changes were not significant.
A comparison of physical performance between the losartan-treated
cohort and the placebo group showed no significant differences in
the 6-minute walk distance, walking speed, or grip strength.

Within the losartan group itself, we noted an estimated 10%
(95% CI: 4% to 15% decline, p =.001) reduction in knee strength at
Visit 4 compared to baseline. Similarly, we observed a 7% (p = .08)
reduction in knee strength within the placebo group when com-
paring their final visit to baseline. While it appears that knee strength
declined faster in the losartan arm, the 10% versus 7% progres-
sion of decline was not statistically significant between the 2 arms
(Supplementary Table 2).

When examining the serum concentrations of losartan and its
metabolites as potential contributors to physical function in the
treatment group, there were no statistically significant improvements
in grip strength, 6-minute walk distance, or walking speed. However,
both EXP3174 and EXP3179 were positively correlated with knee
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Table 2. Clinical and Laboratory Measures in the Losartan Treatment Group

95% CI
p-value

95% CI
p-value

95% CI
p-value

95% CI
p-value

EXP3179

EXP3174

Losartan

% Change, baseline to Visit 4

Physical measurements (losartan treatment group)

0.84,0.96
.002

110%

Systolic blood pressure (mmHg)

0.6,4.1
.008

2.3

0.02, 0.06
<.001

0.04

0.87,1.00
.046

17%

Diastolic blood pressure (mmHg)

1.02,1.20

.01

111%

Heart rate (beats per minute)

1.09,1.22
<.001

115%

Blood urea nitrogen (mg/dL)

0.003, 0.02
.003

0.01

1.00, 1.03

.02

2%

Chloride (mEg/L)

0.91, 0.99
015

15%

CO, (mmol/L)

1.7,4.6
<.001

3.2

0.002, 0.02
.007

0.01

Knee srength (N)

-0.16, -0.01

.02

-0.09

-0.001, -0.003

-0.001

Frailty score

.005

Note: Upward arrows indicate positive correlations, downward arrows indicate negative correlations, and dashes indicate no correlation.

strength after adjustment for losartan dose (Table 2). Specifically,
for every one SD increase in EXP3179 (ie, 0.0011 ng/uL, based on
sample values above detection limit) and EXP3174 (ie, 0.27 ng/pL,
based on sample values above detection limit), there was a 0.0035 N
(95% CI: 0.0019-0.0051, p < .001) and a 0.0027 N (95% CI:
0.00054-0.0043, p = .007) increase in average knee strength,
respectively.

Because knee strength is specifically a measure of muscle strength,
we also wanted to explore overall function by examining changes in
frailty status with every losartan dose increase and between base-
line and the end of the study. Our data showed that at Visit 4, 27%
(4/15) of the placebo group participants were classified as frail, while
none of the losartan group participants were classified as frail. The
treatment group had an estimated 89% lower odds of frailty than
the control group after adjustment for the losartan dose (95% CIL:
18% to 99% lower odds, p = .03). After controlling for the losartan
dose, patients in the losartan group also had a 0.3-point lower frailty
score (95% CI: 0.01-0.5 lower odds, p = .04) than those in the pla-
cebo group. The frailty score was also negatively associated with the
serum losartan (p = .005) and EXP3179 (p = .02) concentrations but
not the EXP3174 concentration after controlling for the losartan
dose in the treatment group.

Losartan Treatment Increased IL1p3 and Decreased
TNFaR1

Substantial evidence supports strong links between chronic inflam-
mation and an increased risk of frailty and overall poor health out-
comes; thus, we explored changes in serum cytokines concentrations
in the losartan treatment group.

No changes were identified in IL6. However, IL1f increased by
41% from baseline to Visit 4 (95% CI: 34-48 increase, p < .001).
While the functional consequences of this increase are unknown,
some studies indicate that IL1f may have beneficial and protective
effects with regard to neurological amyloid plaque clearance and
atherosclerosis (31-35).

Our data did show a significant decrease in TNFaR1 with
increasing serum concentrations of losartan. Overall, for each nano-
gram increase in the losartan serum concentration, there was a 1.3
pg/mL decrease in TNFoR1 (p = .009) after adjustment for the oral
losartan dose. Paradoxically, we also observed a smaller but signifi-
cant increase in TNFa of 0.004 pg/mL (p = .001) for every nano-
gram increase in the serum losartan concentration. The reason for
and significance of this modest increase in serum TNFa in the con-
text of a more marked decrease in TNFaR1 remains unclear, but
lack of availability of TNFaR1 to bind circulating TNFa may have
played a role (31).

Losartan Changes Metabolism, Energy Metabolism,
and Biomarkers of Mitochondrial Health

Prior research suggests that angiotensin system dysregulation plays a
role in age-related mitochondrial decline (7,23,36-38). We employed
a targeted metabolomic platform to pinpoint specific biological
pathways connecting losartan metabolites to metabolic mechanisms
and energy utilization. We quantified an array of metabolites from
2 substance classes (amino acids and biogenic amines) and serum
metabolites of the TCA cycle. We compared these metabolites across
visits and with serum losartan, EXP3174, and EXP3179 concentra-
tions in the treatment group. Supplementary Table 3 lists the major
metabolites from each substance class that changed significantly
during losartan treatment.
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In the amino acid class, we observed a significant increase in ar-
ginine by an estimated 28% (95% CI: from 7% to 52% increase,
p = .006) from baseline to Visit 4. Our data also showed that each
ng/mL increase in the serum concentration of EXP3179 was asso-
ciated with a 10.8 umol/L estimated increase in arginine (95% CI:
3.1-18.6 pmol/L, p = .006) after adjustment for the oral losartan
dose. Arginine is the biological precursor of NO, which serves as
an important signaling and effector molecule. The Global Arginine
Bioavailability index, which is a more accurate measure of the avail-
ability of arginine to form NO (39), was also positively correlated
with the serum concentrations of EXP3174 (0.00035, 95% CI:
0.00012-0.00058, p < .01) and EXP3179 (0.12, 95% CI: 0.073-
0.17, p < .001). An improvement in NO bioavailability is tradition-
ally seen as an indicator of an effective AT R blockade (40,41).

Other important polyamines, such as the autophagy marker
spermidine, increased by an estimated 70% (p = .01) from baseline
to Visit 4. Our data also showed a significantly negative association
between the serum EXP3179 concentration and the oxidative stress
marker nitrotyrosine (p = .026) after adjustment for the losartan
dose. Nitrotyrosine is generally higher in frail adults (42,43).

There were nominally significant differences in TCA metabolites.
The accumulation of serum (extramitochondrial) metabolites are
linked to poor outcomes and may indicate poor utilization (44-49).
Our data showed significantly lower concentrations of key TCA me-
tabolites following the initiation of treatment with losartan in the
treatment group (Figures 2 and 3; Supplementary Figure 2).

Most of the energy metabolites decreased in concentration
from baseline to Visit 4 in the losartan treatment group and
showed linear decreases per visit, regardless of the concentra-
tions of serum losartan and its metabolites. N-acetyl aspartate de-
creased by an estimated 93% overall (p = .003) from baseline to
Visit 4. Cysteine decreased by an estimated 82% (p = .03), and
with each increase in the dose of losartan, cysteine showed linear
decreases at any given concentration of serum losartan (p = .01),

°

EXP3174 (p = .04), and EXP3179 (p = .02). Leucine/isoleucine
decreased by an estimated 78% (p = .001) from baseline to Visit
4, and additional decreases were seen with losartan dose increases
at any given concentration of serum losartan (p <.001), EXP3174
(p =.001),and EXP3179 (p < .001). Hippuric acid decreased by an
estimated 85% (p = .001) from baseline to Visit 4, and decreases
were seen with losartan dose increases at any given concentration
of losartan (p = .04). Indole-3-lactic acid decreased by an esti-
mated 83% (p < .001) from baseline to Visit 4, and a linear de-
crease was observed by losartan dose at any given concentration of
losartan (p = .006), EXP3174 (p = .01), and EXP3179 (p = .004).
L-Phenylalanine decreased by an estimated 74% (p = .001), and
decreases were seen with subsequent losartan dose increases at any
given concentration of losartan (p = .002), EXP3174 (p = .007),
and EXP3179 (p = .005). L-Pyroglutamate decreased by an esti-
mated 86% (p = .001), and decreases were seen with subsequent
losartan dose increases at any given concentration of losartan
(p = .04). L-Glutamic acid decreased by an estimated 60% (p <
.001), and a linear decrease was seen with subsequent losartan
dose increases at any given concentration of EXP3179 (p = .04).
Interestingly, our untargeted metabolomics analysis revealed that
losartan treatment led to an upregulation in the serum concentra-
tion of y-aminobutyric acid (GABA), which is a neurotransmitter
linked to neuromuscular function (Supplementary Figure 3). Prior
research suggested that the enzyme responsible for GABA syn-
thesis is downregulated in frail, aging individuals (50).

A few of the energy metabolites increased from baseline to
Visit 4 during losartan treatment and showed linear increases per
visit, regardless of the concentrations of serum losartan and its
metabolites. N-acetyl-aspartyl-glutamate increased by 7.5-fold (p
< .001) from baseline to Visit 4, and there was a linear increase
with each losartan dose increase at any given concentration of
losartan (p < .001), EXP3174 (p = .001), and EXP3179 (p <
.001). Malate increased by 4.4-fold (p = .01), and linear decreases
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Figure 2. Effects of losartan doses on the amino acid precursor metabolites that feed into the intermediate metabolites of the TCA cycle. Comparisons of the
distributions of metabolites by losartan dose in the treatment group were conducted using Kruskal-Wallis one-way ANOVA with Dunn’s multiple comparisons
test. *p <.05, **p < .01, and ***p < .005. TCA = tricarboxylic acid.
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were seen with subsequent losartan dose increases at any given
concentration of EXP3179 (p = .04). Fumarate increased by
7.5-fold (p = .04) from baseline to Visit 4. Taken together, these
metabolomic results suggest that losartan treatment increases the
concentrations of amino acids involved in mitigating oxidative
stress and recycling damaged tissue and improves the utilization
of key TCA metabolites.

Discussion

Losartan is an oral antihypertensive agent that is rapidly metabolized
to EXP3174 (AT R blocker) and EXP3179 (PPARy agonist). Our
data showed that the use of losartan in prefrail older adults resulted
in an estimated 89% lower odds of frailty with an average 0.3-point
lower frailty score as compared to the placebo group. Frailty score
was negatively associated with serum losartan and EXP3179 con-
centrations, while higher EXP3179 and EXP3174 concentrations
were associated with increased knee strength.

Losartan was approved for clinical use in the United States in
1995. In the last 25 years, there have been numerous studies exam-
ining the beneficial effects of ARBs on cellular and molecular mech-
anisms and physical and cognitive performance phenotypes that
extend beyond their effects on BP. While the results are often variable
and inconsistent, the availability of corroborating human pheno-
typic data is limited, blocking AT R in animals has been reported
to improve muscle repair ability, aerobic capacity, and longevity
(22,23,51). In this study, we have only analyzed through samples.
The full pharmacokinetic profile of the EXP3179 metabolite has
not been described in the literature. Therefore, no current popula-
tion pharmacokinetic model exists to assess losartan, EXP3174, and
EXP3179.

Disentangling the PPARY effects of losartan from its angiotensin
effects is difficult given that both EXP3179 and EXP3174 are prod-
ucts of losartan administered orally to the participants. However,
our data sheds some light on the nonangiotensin system effects of
losartan, which are not dependent on angiotensin II binding to AT R.

Exploratory analysis of the data suggested that EXP3179, a PPARY
agonist with no AT R effects, may have a positive effect on physical
function, frailty markers, cytokine concentrations, oxidative stress
marker concentrations, and metabolomics. Our data are consistent
with the reported antiinflammatory and platelet antiaggregatory
properties of EXP3179 (52).

Our data showed that it is challenging to balance intra and
interpatient and intra and interindication variability with regard to
pharmacokinetics and the observed effects. There were signs that
several of the participants who were in the losartan intervention
group were not taking losartan, as they had undetectable serum con-
centrations of losartan and its metabolites. Among those who did
take losartan, there was still significant variability regarding their
blood concentrations of losartan and its metabolites, even though
they all received the same oral dose schedule of losartan. This has
implications for patients taking losartan to treat hypertension or
cardiovascular diseases because there may be a dose-response re-
lationship. Altogether, these data also highlight an opportunity to
practice precision medicine when prescribing losartan, tailoring the
treatment doses to the specific patient and indication.

Our cytokine data highlighted some of this variability. Evaluation
of the effects of losartan on cytokine concentrations showed a sig-
nificant decrease in the concentration of TNFaR1 with increasing
serum concentrations of losartan. Previous studies have indicated
that increased TNFaR1 concentrations are associated with worse
outcomes (53) and frailty (54,55). However, we also observed a sig-
nificant increase in the concentration of IL1p. Although this is not
consistent with prior reports from cell cultures or animal models
(56), to the best of our knowledge, there are no previous reports of
the impact of angiotensin system blockade on IL1f in human clin-
ical trials. Because individual cytokines often play roles that are both
helpful and harmful, our results may reflect these dual roles of cyto-
kines in the inflammatory process.

The limitations of this study include the small number of prefrail
older adults. Despite the finding of significant differences in out-
comes, the small sample size impeded the ability to perform robust
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adjustments in the molecular analyses. Perhaps more importantly,
the study was designed to ascertain associations and not causality.
While we observed beneficial effects of losartan on frailty and
muscle condition in older adults, that effect may have been mediated
by higher muscle blood flow or other molecular factors, such as in-
creased concentrations of growth factors. Larger studies are needed
to fine-tune the utilization of serum concentrations of losartan and its
metabolites to guide treatment adjustments and evaluate the impact
on skeletal muscle injury, frailty, disuse atrophy, and other aging-
related skeletal muscle problems. These studies should also involve
pharmacogenomic analyses because CYP2C9 polymorphisms ap-
pear to be linked to the pharmacokinetics of losartan and EXP3174
(57).

In summary, our study showed that the use of losartan at doses
used for general BP management was associated with improve-
ments in the molecular markers of frailty, knee strength, and frailty
scores. These improvements were achieved, at least in part, through
a nonangiotensin II-dependent pathway. Moreover, we gained a
better understanding of the way in which intermediate endpoints
and biomarkers could be employed to efficaciously test therapies
for frailty and aging-related skeletal muscle injuries and function.
This furthers the ultimate goal of identifying tailored treatments
to help older adults preserve their strength and independence as
they age.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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