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Abstract

Studies on interventions that can delay or treat frailty in humans are limited. There is evidence of beneficial effects of angiotensin converting 
enzyme (ACE) inhibitors on aspects related to frailty, such as physical function, even in those without cardiovascular disease. This study aimed 
to longitudinally investigate the effect of an ACE inhibitor on frailty in aging male and female mice. Frailty was assessed with a clinical frailty 
index (FI) which quantifies health-related deficits in middle-aged (9–13 months) and older (16–25 months) mice. Chronic treatment with 
enalapril (30 mg/kg/day in feed) attenuated frailty in middle-aged and older female mice, and older male mice, without a long-term effect on 
blood pressure. Enalapril treatment resulted in a reduction in the proinflammatory cytokines interleukin (IL)-1α, monocyte chemoattractant 
protein-1 and macrophage inflammatory protein-1a in older female mice, and an increase in the anti-inflammatory cytokine IL-10 in older 
male mice compared with control animals. These sex-specific effects on inflammation may contribute to the protective effects of enalapril 
against frailty. This is the first study to examine the longitudinal effect of an intervention on the FI in mice, and provides preclinical evidence 
that enalapril may delay the onset of frailty, even when started later in life.
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Frailty is defined as an increased vulnerability to stressors, and can be 
considered a measure of variability in the health and risk status of peo-
ple of the same chronological age (1). Frailty is commonly measured 
using a frailty index (FI), which quantifies the number of health-related 
deficits a person displays. Higher FI scores, which correspond to increas-
ing frailty status, are associated with poor outcomes, including disability, 
institutionalization, and death (2–5). Thus, there would be clear benefits 
in interventions to delay or prevent frailty, not only for frail older people, 
but for their caregivers, families, and the health care system (6).

Clinical intervention studies for frailty have had mixed results 
(7–10). Randomized controlled trials of interventions are rare in the 

older, frail population (11,12). In addition, observational studies 
are limited by the heterogeneity of disease status, medication use, 
impaired physical function, and poor overall health status of this pop-
ulation, as well as a lack of agreement on definitions of frailty (10).  
Frailty interventions that have shown potential include certain 
exercise interventions (7,9), drugs that increase muscle mass (13), 
mesenchymal stem cell transplantation (14), and individualized mul-
tidisciplinary care interventions (15). Re-purposing medications that 
are currently approved for use in humans is an appealing possibility. 
For example, there is evidence that angiotensin converting enzyme 
(ACE) inhibitors, which are commonly used antihypertensive agents, 
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have a variety of beneficial effects even in those without cardiovas-
cular disease. These include reduced inflammation (16,17), enhanced 
muscle strength (18), greater muscle mass (19), and better physical 
function (20). Whether ACE inhibitors can attenuate frailty has not 
been established.

A recent advance in frailty research has been the development 
of frailty assessment tools for use in aging animal models (21–24). 
Various FI tools have been widely used to quantify frailty in rodents 
since the concept was first proposed by our group in 2012 (4,25–
32). FI scores measured in mice are associated with deleterious age-
associated changes in the atria and ventricles (28–30). Higher FI 
scores have also recently been shown to be associated with lower 
survival probability in mice (4). Importantly, cross-sectional studies 
have shown that FIs can be used to assess the effect of interven-
tions on frailty in animal models (31–33). However, there have been 
no longitudinal studies of the impact of interventions on mouse FI 
scores across the life course. ACE inhibitors such as enalapril have 
shown potential as frailty modulators in rodent studies, with bene-
ficial effects on grip strength and muscle quality in aging rats (34). 
Losartan, which is an angiotensin II receptor blocker that has effects 
similar to those of ACE inhibitors, also improves activity and reduces 
inflammation in aging mice (35).

Most prior studies of frailty in animals have used male mice 
and few have investigated sex differences, especially in response 
to interventions. This is important because there are clear sex dif-
ferences in human frailty, with females almost always more frail 
than males (2,36–38). A recently published study from our group 
showed that FI scores based on clinical measures were higher in 
female mice than male mice, while the opposite was seen for a new 
FI score based on abnormalities in standard lab measurements 
(39). Two cross-sectional interventional frailty studies in mice that 
did use both sexes found that two longevity-related drugs, rapa-
mycin (33) and resveratrol (32), were more effective in attenuating 
frailty in male mice compared with females. Thus, it is critically 
important to explore responses to therapeutic interventions in 
both sexes.

The aim of this article was thus to investigate the effect of chronic 
treatment with the ACE inhibitor enalapril, on frailty longitudin-
ally, in middle-aged and old male and female C57BL/6 mice. We 
also aimed to explore mechanisms of enalapril in modulating frailty, 
including potential effects on blood pressure and inflammation.

Methods

Animals
C57BL/6 male and female mice were purchased from Charles River 
as retired breeders and aged in the Carlton Animals Care Facility. 
This is a conventional, clean multispecies facility that houses spe-
cific pathogen free mice and rats. Mice were housed in Individually 
Ventilated Caging Systems (Allentown, Inc; 21°C; 35% humidity) 
and regular husbandry duties were performed in Animal Transfer 
Stations or Biological Safety Cabinets. Mice were aged until approxi-
mately 9 months for the middle-aged group (males n = 30, females 
n  =  32) or approximately 16  months for the older group (males 
n = 38, females n = 28) and then started in the current study. Animals 
were maintained on a 12-hour light–dark cycle, in boxes of 1–5 mice 
per box with ad libitum access to food and water. Animals were ini-
tially fed Prolab RMH3000 (LabDiet, MO). Once they started the 
experiment, mice were fed Standard Grain-Based Control Rodent 
Diet with bacon-flavor (#F4059; Bio-Serve, Frenchtown, NJ) con-
taining either enalapril (280 mg/kg) or no drug. All experiments were 

approved by the Dalhousie University Committee on Laboratory 
Animals and performed in accordance with guidelines published by 
the Canadian Council on Animal Care. Some of the raw data for the 
control mice in this study (n = 30) were used for analysis that has 
been reported previously (39).

The food in each cage was weighed twice per month to estimate 
food and drug intake. Total food consumed per cage was divided by 
the number of mice per cage, and the number of days to calculate 
average daily food intake per mouse. Mice were weighed once per 
month. Daily drug intake was calculated from daily food intake, and 
mouse weight (mg/kg mouse/day).

Mouse Clinical FI Assessment
Mice were assessed for frailty using the 31-item mouse clinical 
FI as described previously (26,27). Briefly, mice were taken to a 
quiet room and allowed to acclimatize. The clinical assessment of 
deficits was then completed on each mouse; mice with no deficit 
received a score of 0, those with a mild deficit received a score of 
0.5, and mice with a severe deficit received a score of 1. Values for 
each deficit were then summed and divided by the total number 
of deficits measured to yield an FI score theoretically between 0 
and 1. All mice were assessed at baseline (before starting on enal-
april or control food) and FI scores were balanced between control 
and treatment groups for each age and sex. FI assessment was then 
completed monthly for the duration of the experiment. Middle-aged 
mice of both sexes were assessed every month from 9 to 13 months 
of age. Older female mice were assessed each month from 16 to 
21 months of age. Older male mice were assessed each month from 
16 to 25 months of age, to allow them to reach the same level of 
frailty as the 21-month-old female mice. The experimental timeline 
is illustrated in Supplementary Table 1.

Blood Pressure Assessment
Blood pressure was assessed using the IITC Life Sciences tail cuff 
(Woodland Hills, CA) as described previously (25). For all blood 
pressure measurements, we used an acclimatization protocol to 
reduce the stress to the mice. The mice were allowed to acclima-
tize to the machine, without measurements, for 20 minutes on two 
consecutive days. On the following two consecutive days mice were 
allowed 15 minutes to acclimatize, then 3–5 rounds of five blood 
pressure measurements were made for each mouse. An average of 
all measurements over 2 days was used to quantify blood pressure 
for each mouse. Blood pressure was assessed in all mice at baseline 
(before the start of treatment), 6–8 weeks after treatment started and 
at the end of the experiment (4 months after the start of treatment 
for middle-aged mice and 5 or 9 months after the start of treatment 
for older females and males, respectively). The timeline can be found 
in Supplementary Table 1.

Serum Collection and Analysis
Blood samples were taken from the heart after it was removed 
for other studies at the completion of the experiment. For middle-
aged mice, blood samples were collected from 16 males and 10 
females after 4 months of treatment (eg, 13 months of age). For the 
older group, blood samples were collected from 14 female mice at 
approximately 21 months of age and 21 male mice at 25 months of 
age (Supplementary Table 1).

Immediately after blood collection, the sample was spun at 4°C 
at 9391 Gs, and the serum was collected and stored at −20°C. Serum 
concentrations of 23 cytokines were assessed using a mouse 23-plex 
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cytokine assay (BioRad) which was read using a Bio-Plex MAGPIX 
Multiplex Reader (BioRad). All cytokines measured are listed in 
Supplementary Table 2. If cytokine concentrations were below the 
level of detection, values were replaced with the lower limit of detec-
tion/2, as we have a small sample size and less than 50% of values 
below the level of detection (40–42).

Statistics
Data are expressed as mean ± SEM unless otherwise indicated. 
Frailty scores over time were compared for each age group between 
sexes and treatment groups using linear mixed models (heterogen-
ous first order autoregressive) with fixed effects of intercept, time 
and treatment or sex, and random effect of slope. The effect of sex, 
treatment, and time for each age group were also investigated with 
linear mixed models (fixed effects intercept, time, sex, treatment; 
random effect slope). Least squared differences post hoc analysis was 
used for all linear mixed models. Proportions of individual deficits 
observed in sex or treatment groups, for each age group at a particu-
lar time point, were compared with chi-squared analysis. The effect 
of sex and treatment group on blood pressure was compared using 
two-way ANOVA, with Bonferroni post hoc tests. Serum cytokine 
levels were compared between treatment and age groups for each 
sex, with two-way ANOVA and Bonferroni post hoc tests. A three-
way ANOVA for age, treatment, and sex was also used to assess the 
effects of both sex and treatment on these outcomes. Data analysis 
was completed with SPSS (Version 21.0, SPSS, Inc., Chicago, IL) and 
SigmaPlot (Version 11.0, Systat Software, Germany). p Values less 
than 0.05 are considered significant.

Results

Effect of Enalapril on Frailty in Middle-Aged and 
Older Male and Female Mice
Doses of enalapril consumed by each mouse group in the current 
study were very close to the predicted dose of 30 mg/kg and over-
all were not significantly different between groups. For middle-aged 
mice, the mean enalapril dose consumed across the 4  months of 
treatment was 29.7 ± 1.7 mg/kg/day for females, and 29.9 ± 1.4 mg/
kg/day for males. In older mice, the mean enalapril dose consumed 
across the 5 months of treatment for females was 31.7 ± 2.4 mg/kg/
day, and across 9 months of treatment for males was 28.6 ± 1.0 mg/
kg/day.

Enalapril treatment from 9  months of age attenuated the 
age-dependent increase in FI scores in middle-aged female mice 
(Figure  1A). Linear mixed model analysis demonstrated that the 
effects of time and treatment group on FI scores were significant. 
Post hoc analysis showed that female control mice had higher FI 
scores than those treated with enalapril and this difference was sig-
nificant at 3 and 4  months of treatment. Interestingly, this effect 
appeared to be sex specific, as it was not seen in male mice of the 
same age, with linear mixed model analysis showing only an effect 
of time on mean FI score (Figure 1B). Thus, frailty scores increased in 
both sexes from 9 to 13 months of age, but enalapril treatment only 
attenuated frailty in females.

We next determined whether enalapril attenuated FI scores when 
it was started in later life. When older female mice (16 months of 
age) were treated with enalapril for 5 months, FI scores were attenu-
ated relative to controls (Figure 1C). Analysis showed a significant 
effect of time, treatment group, and their interaction on mean FI 
scores. Post hoc analysis showed that the treatment effect was 

significant after 2, 4, and 5 months. By contrast, when older males 
were treated with enalapril from 16 to 21 months of age, there was 
no significant treatment effect on frailty scores, although FI scores in 
control mice were higher than those in drug-treated animals at 20 
and 21 months (Figure 1D). Given this, the male mice were inves-
tigated for a longer period to allow them to reach the same level of 
frailty as the older females. By 23 months of age, the control males 
had a mean FI score of 0.27 ± 0.01, which was similar to the females 
at age 18  months. Although FI scores increased with age in the 
control older male mice, this was markedly attenuated by enalapril 
treatment (Figure 1D). Linear mixed model analysis demonstrated 
that the effects of time, treatment, and their interaction on FI scores 
were significant (Figure 1D). Post hoc analysis showed that FI scores 
were significantly higher in control male mice than drug-treated 
mice at 23, 24, and 25 months of age. These findings indicate that, 
even though there were sex-specific differences in the development 
of frailty, chronic treatment with enalapril reduced FI scores in both 
sexes even when it was started in later life, and the effect of enalapril 
appeared to be greater in females than males.

Effect of Enalapril on Individual Items in the FI
To determine whether enalapril improved certain deficits or groups 
of deficits rather than overall frailty, individual items in the FI were 
compared between control and enalapril-treated mice (Figure  2). 
There were no significant differences in the proportions of middle-
aged mice with specific deficits in control and treated mice, except 
that more vision loss was seen in control females compared with 
drug-treated females (data not shown). In older females (21 months), 
only malocclusions occurred more often in controls than in drug-
treated mice, although most deficits were reduced by enalapril treat-
ment (Figure 2A). In 21-month-old males, there were significantly 

Figure 1.  Enalapril treatment delayed frailty in mice. (A, B) Mean ± SEM frailty 
index (FI) scores for enalapril-treated and control mice. Middle-aged female 
mice (A, n = 13–17) and middle-aged male mice (B, n = 14–15) were treated for 
4 months. (C, D) Older female mice (C, n = 4–16) were treated for 5 months, 
and older male mice (D, n = 10–25) were treated for 9 months. Linear mixed 
model analysis was used to assess the effect of age and drug on FI score and 
enalapril dose. For FI scores, age and drug were both significant factors for 
middle-aged females, older females and older males. For middle-aged males 
only, age was significant. For enalapril dose, age was significant for middle-
aged mice, and both age and sex were significant for older mice. *p < .05 
compared with enalapril-treated group at the same time point.
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more distended abdomen, kyphosis, and body condition score 
deficits in control than in than drug-treated mice (Figure 2B). For 
25-month-old males (with FI scores comparable to 21-month-old 
females), controls had a greater proportion of deficits in breathing 
rate, hearing loss, body condition score, tremor, gait disorders, tail 
stiffening, and distended abdomen than the control mice (Figure 2C). 
These data indicate that the beneficial effects of enalapril on overall 
frailty reflect the sum of many small treatment effects on a variety 
of individual deficits, rather than effects on one or two items. These 
effects also differ between the sexes.

Effect of Enalapril on Blood Pressure in Middle-
Aged and Older Male and Female Mice
To determine whether antihypertensive effects of enalapril could 
contribute to its effect on frailty, blood pressure was measured in 
all groups after 6 weeks of treatment and at the end of treatment 
(Figure 3). Two-way ANOVA analysis of sex and treatment effects 
in middle-aged mice showed a significant effect of sex on systolic 
blood pressure (SBP), and of treatment on diastolic blood pressure 
(DBP) at 6 weeks, although post hoc analysis showed no differences 
(Figure  3A and B). Critically, by the end of the experiment when 
effects on frailty in females were detectable, there was no effect of 
treatment or sex on blood pressure in middle-aged mice (Figure 3C 
and D).

In older mice, at 6 weeks after the start of treatment, there was a 
significant effect of enalapril on both SBP and DBP. Post hoc analysis 
showed that enalapril reduced SBP and DBP in both males and females 
when compared with controls (Figure 3E and F). This suggests that 

the drug had mild blood pressure-lowering effects early in the course 
of treatment. However, by the end of treatment, there were no signifi-
cant effects of enalapril on either SBP or DBP in older males or females 
(Figure 3G and H). This indicates that blood pressure normalized after 
five or more months of treatment and suggests that the effects of enal-
april on frailty were unlikely to be due to effects on blood pressure.

There were also some sex differences in blood pressure, at least 
in the older mice. After 6 weeks of treatment, there was a significant 
effect of sex on SBP and, at the end of treatment, there was a signifi-
cant effect of sex on both SBP and DBP. Post hoc analysis showed 
that older females had significantly higher SBP than older males at 
6 weeks (Figure 3E and G), higher SBP at end of treatment in con-
trol mice only and higher DBP at the end of treatment in enalapril-
treated mice only (Figure 3H).

Effect of Enalapril on Pro- and Anti-inflammatory 
Cytokine Levels in Aging Male and Female Mice
To determine whether the effects of enalapril on frailty may be partly 
due to effects on inflammation, serum levels of a variety of cytokines 
were measured (Supplemental Table  2). A  two-way ANOVA was 
used to assess the effects of age and enalapril treatment on inflam-
matory cytokine levels in both sexes. In females, there was a signifi-
cant effect of age on interleukin (IL)-6, IL-10, IL-12p40, IL-1β, IL-4, 
monocyte chemoattractant protein (MCP)-1, and macrophage in-
flammatory protein (MIP)-1α levels (Figure 4A–C, G, H, and J). Post 
hoc analysis revealed that each of these proinflammatory cytokines 
increased with age in control mice and that IL-6 also increased with 
age in drug-treated mice (Figure 4A). Interestingly, enalapril reduced 
the levels of most cytokines in the older female group and this effect 
was statistically significant for the cytokines MIP-1α and MCP-1 
(Figure 4F and G). IL-1α was not significantly increased with age, 

Figure  2.  Control and enalapril-treated mice display a range of individual 
FI deficits. The proportion of mice scored for a specific deficit in enalapril-
treated and control mouse groups. (A) Older females at 21 months of age, (B) 
older males at 21 months of age, and (C) older males at 25 months of age. (A) 
6 drug, 4 control; (B) 23 drug, 12 control; (C) 11 drug, 10 control. *p < .05 with 
chi-squared analysis, compared with enalapril-treated group.

Figure  3.  Blood pressure in middle-aged and older mice treated with 
enalapril. Systolic and diastolic blood pressure (BP) measured in middle-
aged (A–D) and older (E–H) mice either 6 weeks after treatment started (A, B, 
E, F) or at the end of treatment (4 months for middle-aged, C, D; 5/7 months 
for older mice, G, H). Two-way ANOVA, with post hoc analysis, was used 
to analyze the effects of treatment and sex on systolic and diastolic blood 
pressure at each time point. Middle-aged 6 weeks male 6 drug, 6 control 
and female 3 drug, 5 control; middle-aged end of treatment male 5 drug, 
5 control and female 6 drug, 6 control; older 6 weeks male 13 control, 11 
drug and female 9 control, 8 drug; older end of treatment male 13 control, 
19 drug and female 4 control, 5 drug. *p < .05 compared with corresponding 
control group.
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but was reduced in enalapril-treated mice compared with control 
older female mice (Figure 4H).

In males, there was a significant effect of age on IL-6, IL-10, IL-13, 
eotaxin, granulocyte-colony stimulating factor (G-CSF), MCP-1, and 
MIP-1α (Figure 5A, B, and D–G, Supplementary Table 2). Post hoc 
analysis showed that IL-6, IL-13, MCP-1 and G-CSF increased with 
age in control mice (Figure 5A, E, and G, Supplementary Table 2), 
while IL-10, eotaxin and MIP-1α increased with age in drug-treated 
mice (Figure 5B, D, and F). In terms of the effects of enalapril, there 
were clear sex-specific differences. In contrast to what was observed 
in females, enalapril treatment had little effect on the levels of proin-
flammatory cytokines in older males (Figure 5). However, enalapril 
treatment significantly increased levels of the anti-inflammatory 
cytokine IL-10 in older males (Figure 5B).

Mean data for all cytokines measured in males and females at both 
ages are shown in Supplementary Table 2. As a secondary analysis, a 
three-way ANOVA of age, drug, and sex was completed to investigate 
sex differences in cytokine levels. This showed a significant effect of sex 
on serum levels of IL-12p40, IL-10, IL-1α, MCP-1, and MIP-1α. Post 
hoc analysis showed that for each of these cytokines, levels were higher 
in older females than older males. Additionally, IL-1α levels were also 
higher in middle-aged females compared with middle-aged males 
(Supplementary Table 2). Taken together with the reduction in proin-
flammatory cytokine levels in older females, and increased anti-inflam-
matory cytokine levels in older males with enalapril treatment, these 
observations suggest that patterns of inflammation, and their response 
to treatment, differ in a sex-specific manner in aging mice.

Discussion

This study was the first to examine the longitudinal effect of an 
intervention on the FI in aging mice. Chronic treatment with the 

ACE inhibitor enalapril attenuated frailty in middle-aged and older 
females, and in older males. The mechanism of this protective effect 
did not appear to relate to effects on blood pressure. Modulation 
of inflammation by ACE inhibitor treatment may contribute to the 
protective effects of enalapril against frailty, and this occurred in a 
sex-specific manner.

Chronic treatment of female C57BL/6 mice with enalapril, 
whether in middle-age or advanced age, caused a marked reduction 
in frailty when compared with age-matched females who did not 
receive drug. Although enalapril had no effect on frailty in middle-
aged male mice, drug treatment did attenuate FI scores in older male 
animals. This exciting result provides the first direct evidence that 
ACE inhibitors may delay the onset of frailty. Previous clinical and 
preclinical studies have suggested beneficial effects of ACE inhibitors 
on aspects related to frailty, such as muscle strength and physical 
function (18,20). This study shows that ACE inhibitors may also 
reduce the overall accumulation of health-related deficits with aging 
in mice. It is important to note that the FI tool used here is a meas-
ure of overall health and explores deficits across a range of different 
domains, but it does not contain measures of cardiovascular func-
tion per se. Investigation of changes in the specific items that make 
up the FI tool showed that enalapril treatment resulted in changes 
across a wide range of deficits in males and females. Therefore, the 
beneficial effect of enalapril is the sum of many small effects across 
multiple systems, which can be assessed with the mouse FI tool.

In the current study, there were clear male–female differences 
in the effects of enalapril on frailty. Enalapril-reduced FI scores in 
middle-aged female mice, but had no effect in age-matched males. 
In older males, beneficial effects on FI scores were only seen once 
mice had reached 23 months of age, after 7 months of treatment. 
One explanation for these sex-specific differences may be that the 
FI scores did not increase with age at the same rate in both sexes. 

Figure  4.  Proinflammatory cytokine levels are increased with age and 
attenuated by enalapril treatment in females. Levels of cytokines interleukin 
(IL)-6, IL-10, IL-12p40, eotaxin, granulocyte-colony stimulating factor (G-CSF), 
macrophage inflammatory protein (MIP)-1α, monocyte chemoattractant 
protein (MCP)-1, IL-1β, IL-1α, and IL-4 were assessed in serum from female 
mice (A–J). Levels for female mice were assessed at 13 months of age after 
4 months of treatment (middle-aged) and at 21 months of age after 5 months 
of treatment (older). Two-way ANOVA, with post hoc analysis, was used to 
examine the effect of age and treatment on serum levels of each cytokine. 
Middle-aged female 6 drug, 5 control; older female 9 drug, 5 control. *p < 
.05 compared with corresponding control group. #p < .05 compared with 
corresponding middle-aged group.

Figure 5.  Proinflammatory cytokine levels are increased with age in males 
but enalapril treatment increases anti-inflammatory cytokine levels. Levels 
of cytokines interleukin (IL)-6, IL-10, IL-12p40, eotaxin, granulocyte-colony 
stimulating factor (G-CSF), macrophage inflammatory protein (MIP)-1α, 
monocyte chemoattractant protein (MCP)-1, IL-1β, IL-1α, and IL-4 were 
assessed in serum from male mice (A–J). Cytokine levels for male mice were 
assessed in serum at 13 months of age after 4 months of treatment (middle-
aged) and at 25 months of age after 7 months of treatment (older). Two-way 
ANOVA, with post hoc analysis, was used to examine the effect of age and 
treatment on serum levels of each cytokine. Middle-aged male 8 drug, 9 
control; older male 12 drug, 9 control. *p < .05 versus corresponding control 
group. #p < .05 versus corresponding middle-aged group.
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For example, control females had a mean FI score of 0.25 ± 0.01 at 
13 months of age, whereas males had a mean FI score of 0.20 ± 0.01 
at the same age. In the older group, 18-month-old females had simi-
lar FI scores to 23-month-old males. This implies that male mice 
accumulated health deficits at a slower rate than females, and thus 
had lower FI scores at all ages assessed. It may be that significant 
attenuation of frailty with enalapril was not seen in males because 
the control male mice had not become frail enough yet. This male–
female difference is consistent with what is seen in humans, where 
females are more frail than males at all ages (2,36–38). Although 
information is limited, three studies suggest similar findings in mice, 
with females having higher FI scores than males (26,33,39). These 
sex-specific findings highlight the importance of investigating inter-
ventions in both sexes.

Results of this study indicate that the mechanism of protection 
against frailty was unlikely to be related to the antihypertensive 
effects of enalapril. There was no effect of the drug on blood pressure 
in middle-aged mice, even though enalapril attenuated FI scores in 
females at this age. Six weeks of enalapril treatment did lower both 
SBP and DBP in older mice, which is consistent with drug exposure 
in the older mice, but changes in FI scores were not seen at this age. 
Blood pressure normalized after five plus months on treatment when 
effects on FI scores were evident, which strongly suggests that effects 
on frailty were not linked to antihypertensive effects of the drug. 
Interestingly, a clinical study of enalapril treatment in normotensive 
patients also reported that enalapril had no sustained effect on blood 
pressure, despite seeing improved physical function in drug-treated 
individuals (20).

A contributing mechanism to the attenuation of frailty with 
enalapril may be its effects on inflammation. In this study, chronic 
treatment with enalapril modified cytokines differentially in older 
male and female mice. In male mice, enalapril treatment resulted in 
an increase in the anti-inflammatory cytokine IL-10 compared with 
control mice. This implies that in older male mice, the upregulation 
of anti-inflammatory pathways may contribute to the reduction in 
frailty by enalapril. This is supported by human studies which have 
shown associations between increasing frailty and lower IL-10 lev-
els (43,44). Additionally, Walston and colleagues (45) developed a 
mouse knock-out for IL-10, which they propose is a mouse model 
of frailty. Knock-out mice display higher levels of proinflammatory 
cytokines and reduced muscle strength, along with extremely low 
levels of IL-10 (45–47). Interestingly, we did not see a decrease in 
proinflammatory cytokines in older enalapril-treated male mice. 
There were trends toward this however with IL-6, IL-13, MCP-
1, and G-CSF increasing with age in control but not drug-treated 
male animals. A larger sample size for serum collection may allow 
this effect to be seen more clearly. In contrast to the older males, 
enalapril reduced levels of the proinflammatory cytokines IL-1α, 
MCP-1, and MIP-1α in older females. Interestingly, there is evidence 
for links between higher levels of MIP-1α and frailty in humans, 
although no sex effect was observed (48). Increasing MCP-1 was 
also shown in a recent study to be associated with age in male and 
female rodents and with both age and frailty in humans of both 
sexes (49). IL-1α is a key senescence-associated cytokine so would 
be expected to be associated with aging and frailty (50,51). Higher 
levels of IL-1α in females compared with males have been seen in 
young healthy humans, and in in vitro studies (52,53), although the 
relationship between IL-1α levels, frailty, and sex has not yet been 
explored. Interestingly, previous studies have shown that there are 
clear sex differences in response to life span-extending compounds 
in mice, with compounds that target inflammation such as aspirin 

and nordihydroguaiaretic acid increasing life span in males but 
not females (54). It is interesting that we see an effect of enalapril, 
which targets inflammation, on frailty in both females and males. 
It would be interesting to investigate further the effects of enalapril 
on life span, and conversely the effects of other life span-increasing 
anti-inflammatory drugs on frailty to understand the effect of sex on 
the potential interaction, or disconnect, between health span and life 
span extension. Overall, our results support the view that inflamma-
tion plays an important role in frailty, and that enalapril may act to 
attenuate frailty by increasing anti-inflammatory cytokines in male 
mice, and decreasing proinflammatory cytokines in female mice.

On the other hand, enalapril treatment had no significant effect 
on inflammatory cytokines in middle-aged female mice, despite the 
reduction in FI scores in females with treatment. This suggests that 
other mechanisms may contribute to the attenuation of frailty by 
enalapril. As would be expected from results of clinical studies (55–
58), levels of many inflammatory cytokines in the current study were 
higher in older mice, than in middle-aged mice. It is possible, there-
fore that enalapril may only have an effect on inflammation once it 
is dysregulated in aging. Given the multidimensional nature of frailty 
it is likely that interventions that target multiple systems would have 
the greatest beneficial effects. Other mechanisms that may contribute 
to protective effects of enalapril on frailty could include effects on 
muscle, which have been seen in human studies with ACE inhibitors 
(59,60), or beneficial effects on the heart and vasculature that are not 
related to blood pressure (61). Future studies should explore these 
mechanisms further.

Other animal studies exploring interventions for frailty have also 
seen potentially beneficial effects. Kane and colleagues (32) investi-
gated the effect of either calorie restriction or resveratrol on mouse 
clinical FI scores in a cross-sectional study and found beneficial 
effects of both interventions in male mice. Antoch and colleagues 
(33) used a different rodent FI tool, and saw that a high fat diet 
increased FI scores in male mice, while rapamycin prevented this 
increase in frailty. Two studies using mouse assessments based on 
frailty phenotype tools, which assess a person or mouse as frail 
based on their performance in five functional tests, found that exer-
cise interventions could also delay the onset of frailty (62,63). Along 
with the current study, these studies demonstrate the value of animal 
frailty assessment tools in screening potential clinical interventions 
for the treatment of frailty.

In addition to the sex differences in frailty observed in this study, 
we also saw sex differences in blood pressure and inflammation 
with aging. Older females had higher SBP than older males when 
measured at both timepoints. This supports observations in humans 
that show females are more likely to have higher SBP than males as 
they age (64). We also observed clear sex differences in inflamma-
tion with age. Levels of the proinflammatory cytokines IL-12p40, 
MIP-1α, MCP-1, and IL-1α, and the anti-inflammatory cytokine 
IL-10 were all higher in older female mice than older male mice. This 
implies that, with aging, there may be more inflammation in female 
mice than in male mice. Again, this is consistent with observations 
in people, where inflammation is higher in females than males at all 
ages (37,65). A recent study from our group found sex differences in 
the association between frailty and inflammatory cytokines in aged 
male and female mice (39). In older female mice, increasing frailty 
scores were associated with increased levels of IL-6, IFN-γ and IL-9, 
while increasing frailty in older males was associated with increasing 
IL-12p40 levels (39). Interestingly, IL-6 was also increased with age, 
and appeared to be attenuated by enalapril treatment in female mice 
in the current study, suggested a particular role of IL-6 in female 
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aging and frailty. Gordon and Hubbard (66) propose that increased 
inflammation in aging females may contribute to their higher levels 
of frailty when compared with aging males. It is also possible that 
if enalapril acts, at least in part, by reducing inflammation, that this 
sex difference in age-related inflammation may explain why the drug 
works at an earlier time point in females in than males.

Although this study provides preclinical evidence for the poten-
tial use of ACE inhibitors to attenuate frailty in humans, there are 
still several questions that remain to be answered. The optimal time 
to start treatment, and the optimum treatment time-frame are still 
not clear. The observation that frailty was attenuated in female mice 
started at both 9 and 16 months of age suggests that treatment is still 
beneficial even if started later in life. It would be interesting in future 
studies to determine whether enalapril could reverse higher levels 
of  frailty, by starting treatment once mice have higher FI scores. 
Additionally, it would be interesting to stop treatment and observe 
whether the beneficial effects persist beyond the treatment period.

There are some limitations to this study that should be acknowl-
edged. The limited sample sizes for some of the blood pressure meas-
urements may reduce the power to conclude whether or not there were 
blood pressure changes with treatment and across sexes. Although our 
results are statistically significant, they should be confirmed with larger 
sample numbers. Furthermore, the distribution of the cytokine data 
were not always completely normal when assessed with Shapiro–Wilk 
tests. Even so, we have used two- and three-way ANOVA analysis for 
this data given the robustness of the ANOVA for not completely nor-
mal data distribution (67). Our study design did not allow us to deter-
mine whether enalapril treatment extended life span, because in most 
cases the mice were censored as tissue was collected to use in other 
experiments. It would be interesting to determine whether enalapril 
treatment affected life span as well as health span in future studies.

In conclusion, this study found that chronic enalapril treatment 
attenuated frailty in middle-aged and older females, and in older 
males. Sex-specific effects on inflammation may contribute, at least 
in part, to the mechanisms underlying this protection. This article 
highlights the importance of using both males and females in aging 
and intervention studies, and provides preclinical evidence that enal-
april may delay the onset of frailty, even when started later in life.
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