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Abstract

Rats and mice are widely used to study effects of environmental factors on psychological 
and metabolic health. Study designs differ widely and are often characterized by varying 
(social) housing conditions. In itself, housing has a profound influence on physiology and 
behavior of rodents, affecting energy balance and sustainable metabolic health. However, 
evidence for potential long term consequences of individual versus social housing on body 
weight and metabolic phenotype is inconsistent. We have conducted the first systematic 
literature review and meta-analyses assessing the effects of individual versus social 
housing of rats and mice, living under well-accepted laboratory conditions, on measures 
of metabolic health, including body weight, food intake and visceral adipose tissue mass. 
Seventy-one studies were included in this review; 59 were included in the meta-analysis. 
There was no main effect of housing on body weight, but food intake and visceral adipose 
tissue mass were significantly higher in individually housed animals compared to socially 
housed animals. A combination of emotional stress and lack of social thermoregulation 
likely contributed to these effects. Increased awareness of these metabolic consequences 
and improved specifications of housing conditions are necessary to accurately evaluate the 
efficacy of drugs, diets or other interventions on metabolic and other health outcomes since 
housing conditions are rarely considered as possible moderators of reported outcomes.
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Introduction

Mice and rats are widely used to study the effects of physical and psychological influences 
on physiological, metabolic and mental health outcomes. These rodents are social species; 
living in a group benefits the survival of the individual by lowering predation risk and reducing 
energy costs via social thermoregulation (1, 2). Guidelines for housing and husbandry for 
laboratory rodents are based on the natural living conditions of the species and general 
recommendations suggest social housing before and after weaning (3). However, these 
recommendations often collide with reality of experimental conditions. Assessment of 
many parameters, especially when automated, can be difficult in group-housed animals 
as it is challenging to differentiate between individuals. Thus, assessment of individual 
behavioral, metabolic and physiological parameters may require (temporary or otherwise) 
isolation of an animal from its cage mates. Consequently, mice and rats are often housed 
individually, in specifically designed cages, to enable detection of activity patterns, energy 
intake/expenditure, or collection of feces/urine. They may also be housed individually to 
avoid aggression and fighting with conspecifics or to avoid damage of surgically implanted 
materials, such as indwelling cannulae and exteriorized electrodes. In addition, several 
common models of neuropsychiatric diseases purposely apply social isolation to induce a 
certain phenotype, e.g. isolation rearing (4), social defeat (5), chronic mild stress (6). The 
consequence is that single housing affects the animal’s intrinsic behavioral, metabolic and/
or physiological parameters.
Solitary versus social housing has previously been shown to affect energy balance regulation 
and fuel homeostasis (7, 8), which may affect metabolic phenotype and modulate an 
animal’s response to other interventions or environmental influences. It has been suggested 
that social isolation is a stimulus-poor condition that may lead to boredom and increased 
reward-sensitivity which, in the case of ad libitum access to food, may provoke increased 
food intake. In addition, deprivation of social cues related to food intake regulation (e.g., 
social facilitation, feeding competition (9) and influence of social status (10-12)) is likely 
to change both energy use and availability. Whereas the absence of some social behaviors 
may save energy, the absence of social thermoregulation would increase loss of energy at 
temperatures below thermoneutrality (1, 2). Sustained deprivation of social behaviors and 
inability to exchange the animal homologues of empathy, altruism and compassion may 
also provoke chronic emotional stress (13, 14). Chronic emotional stress is known to affect 
the activity of several neuroendocrine, autonomic, and/or immune axes, which in turn can 
influence fuel homeostasis and energy balance regulation (15, 16) leading to alterations in 
body weight and fat deposition (14, 17, 18).
The impact and consequences of individual housing, especially longer term, are also likely 
to be affected by the age at which individual housing commences. Execution of social 
behaviors such as play behavior during adolescence (i.e., the period from weaning to 
about eight weeks of age in mice and rats) is important for neurodevelopment and social 
deprivation during this stage affects cognitive and affective functioning in adulthood (19-
24). Importantly, behavioral deficits induced by social isolation during adolescence differ 
from those induced by isolation during adulthood (25). An increased vulnerability during 
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adolescence to the effects of individual housing may also apply to metabolic health. During 
adolescence, rats and mice grow fast, with a sharp increase in lean body mass (26, 27) 
increasing energy requirements by up to 3 – 4 fold compared to adulthood maintenance 
requirements (28). Differences in food intake and changes in the availability of energy 
during this period will directly affect growth rate and body composition development due 
to changes in energy partitioning. Specifically, visceral adipose tissue depots are a closely 
related marker for future metabolic health (29).
The effects of housing conditions on body weight and metabolic health in rats and mice have 
been investigated in several studies, with varying results. Studies have reported higher (30, 
31), lower (32, 33), or equal (34, 35) body weight and related indices following individual 
housing. These inconsistencies may depend on differences in experimental design, age or 
other characteristics of the rodents used. Notably, few studies have evaluated both juvenile 
and adult stages in rats/mice to understand the consequences of individual housing during 
distinct life stages. Literature reviews on the effect of individual versus social housing on body 
weight and metabolic health indices of rats and mice are lacking. Understanding whether, 
when, and under what conditions individual housing affects body weight and metabolic 
health is an often overlooked component of the study design. This is true not only for 
studies that focus on body weight, obesity and metabolic health outcomes, but is relevant 
for virtually all other experimental outcomes that could be confounded by isolation-induced 
changes in body weight and metabolic health.
Thus, the aims of this study were to: (1) quantify the overall effect of individual housing 
on body weight, food intake and visceral fat mass; (2) compare the effects of the life stage 
when individual housing is applied (starting during adolescence or during adulthood) on 
adolescent and adult body weight, food intake and visceral fat mass; and (3) assess the 
influence of species, sex and diet of the animal, the number of animals housed per cage in 
the social groups, and total duration of the individual housing on our parameters of interest. 
To this end, we used a systematic approach to search the literature for studies that compared 
body weight and metabolic health outcomes of rats and mice housed individually versus 
those housed in social conditions, and performed meta-analyses and meta-regressions 
where possible. In addition, we describe the potential underlying mechanisms by which 
individual housing may influence metabolic health in rodents.

Methods

Search strategy

Using ProQuest, we performed a search of the following electronic databases: CAB abstracts, 
Embase and MEDLINE. The search was performed on 21 March 2016 using the following 
search terms:
(((social* OR communal OR individual* OR singl* OR isolat* OR solit* OR group* OR colony 
OR colonies OR pair* OR trio OR triad OR separate*) N/1 (rear* OR hous* OR environment* 
OR condition* OR enrich* OR depriv* OR confin*)) OR (“isolation stress” OR “separation 
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stress” OR “social segregation” OR “housing density” OR “cage density” OR “social isolation” 
OR “socially isolated”)) AND ((metaboli* OR calorimetr* OR thermoregula* OR diabetes 
OR diabetic* OR adipo* OR obes* OR body weight OR “weight loss” OR “weight gain” OR 
hyperphag* OR hypophag* OR overconsumption OR fat OR WAT OR BAT OR adipokin* OR 
satiety OR glucose OR insulin OR leptin OR glucose OR “plasma lipid*” OR “diet-induced” OR 
“high-fat” OR “physical activity” OR locomot*) OR ((body) N/1 (weight OR mass OR temp* 
OR composit*)) OR ((diet* OR energy OR satiety OR food OR feeding OR reward OR meal OR 
nutrient* OR eating OR nutrition* OR sucrose OR calori* OR lipid OR homeostatic or hedonic) 
N/1 (control OR regulation OR expenditure OR balance OR homeostasis OR signaling OR 
intake OR consum* OR behav* OR regulat* OR pattern* OR motivat* OR preference* OR 
addiction OR choice OR induced OR system OR sensitivity))) AND (*Mice OR mus OR *mouse 
OR murine OR murinae OR rat OR rats OR cottonrat OR cottonrats). There were no language 
restrictions in the search. Additional records were identified via screening of reference lists 
of articles that met the inclusion criteria and via manual search in Google.

Inclusion and exclusion criteria

Articles were initially screened on title and abstract using the following inclusion criteria: 
(i) experiment featured at least two different post-weaning (social) housing conditions, 
namely individual and social housing (pair or group); (ii) social housing conditions were 
applied continuously (24 h/day) and for at least 48 hours; (iii) experiments were conducted 
in mice (mus musculus) and/or rats (rattus norvegicus); (iv) title and/or abstract mentioned 
body weight and/or outcomes relevant to metabolic health i.e., food intake, adipose tissue, 
energy expenditure or body temperature; (v) title appeared relevant to the inclusion criteria 
stated above but no abstract was available; (vi) publication was in English; (vi) publication 
was peer reviewed; and (vii) publication was a research report.
Full texts were then obtained for the articles that passed title/abstract screening and 
screened according to the above stated criteria, as well as the following additional inclusion 
criteria: (i) study reported body weight of rodents during/directly after the social housing 
intervention; (ii) animals in the experimental groups did not differ from each other (within 
and between groups) in characteristics (e.g., strain, age, sex, social history and predetermined 
social status), treatment(s) prior to and during the experiment and housing situations (cage 
enrichment or other factors that increase cage complexity; differences between groups 
in cage size and volume of bedding were allowed); (iii) animals in the socially housed 
experimental group were housed with cage mates that had equal characteristics (e.g., 
strain, age, sex, social history and predetermined social status); (iv) the individual and social 
experimental groups were derived from the same study; (v) the two experimental groups 
compared were composed of different subjects (animals were not used as own control); 
(vi) the experimental groups were ad libitum fed and watered prior to and throughout the 
study and experimental animals were not derived from dams exposed to food restriction; 
(vii) animals were not individually housed prior to the start of the experiment; (viii) the 
experiment was performed on non-mutant animals, which were not subjected to invasive 
procedures such as surgery that may have required anesthesia and/or fasting, or additional 
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drug, stress, alcohol, exercise, or other possible confounding interventions prior to and/
or during the experiment. Exceptions were animals that were exposed to an obesogenic 
or palatable diet [high fat diet/high sucrose diet] with the purpose of inducing obesity 
or metabolic derangements. Injections with saline, handling procedures, inanimate cage 
enrichment, as long as both groups were exposed, and the use of wild type controls were 
allowed; (ix) animals were not exposed to previous social interventions; (x) the individual 
housing started after weaning (> postnatal day 21); (xi) the study used a minimum of 5 cases 
(i.e., animals) per experimental group; (xii) the ambient temperature did not fall outside 
the range of 20 – 26 °C.  This temperature range represents the general recommendations 
for environmental temperature for laboratory rodents (3) and is slightly larger than the 
regular range (between 20 – 22 °C) used by several  laboratories (36). Studies using ambient 
temperature outside this range (< 20 and > 26 °C) were considered to be specifically targeting 
ambient temperature as an experimental factor.
For the articles that passed full text screening, we extracted data only from relevant 
matched groups of individual and socially housed experimental animals that met the 
criteria listed above, excluding experimental groups from the same article that did not meet 
the inclusion criteria. In some articles, additional changes in social housing situation or 
additional interventions or treatments commenced after the start of the housing paradigm. 
In these cases, data were extracted only from the period before additional/subsequent 
treatment. When multiple relevant matched groups were described within the same 
study, we extracted all relevant matched groups separately. This included cases where one 
experimental group was used for more than one relevant comparison between individually 
and socially housed animals (for instance, isolated animals were compared to both pair and 
group housed animals).

Data extraction

From the included articles, we extracted information related to study design, including 
species, strain, sex, age, exposure period, number of animals per cage and diet. For 
each matched group, the body weight of individually housed animals was extracted in a 
categorical manner as “higher”, “lower” or “equal” compared to body weight of the socially 
housed animals, according to the interpretation of the articles’ authors and independent 
of the unit that was reported. For the meta-analyses we extracted quantitative data of the 
experimental groups, where reported. When data were only presented graphically, the 
outcome was deducted as precisely as possible. Studies that reported results as mean and 
standard deviation or standard error per experimental group, and number of animals per 
group were included for meta–analyses. When effects of individual housing on body weight 
were described at multiple time points after initiation of the housing paradigm we selected 
the latest time point for data extraction. Where reported, information about food intake 
and visceral white adipose tissue was extracted. Care was taken to only include articles that 
reported on visceral adipose tissue mass rather than total body fat or subcutaneous adipose 
tissue to ensure the use of similar outcome parameters across the articles, as visceral and 
subcutaneous adipose depots may be different in their function and their response to 
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external factors (37). There was variation in the specific visceral adipose depot(s) described 
in the articles, ranging from one (38, 39) to three different adipose tissue depots (40), or 
total abdominal fat (41, 42). We excluded data from studies in which socially housed animals 
were temporarily isolated in order to obtain food intake data.
We contacted 12 authors of 13 studies published in or after the year 2000 to request 
information regarding missing experimental details or data and received information for 10 
studies (35, 43-51).

Quality assessment

The quality and risk of bias of body weight data in the included studies were independently 
assessed by two reviewers (LS, LH), using a modified version of the Systematic Review Center 
for Laboratory Animal Experimentation (SYRCLE) Risk of Bias Tool for animal intervention 
studies (52). The tool contains 10 questions to investigate potential sources of bias including 
errors in randomization, blinding and selective outcome reporting. The risk of selection 
bias by method of allocation concealment was not assessed as it is impossible to physically 
conceal the allocation of the groups when comparing different housing conditions. The 
risk of reporting bias by selective outcome reporting was not assessed as body weight 
monitoring was not always described as part of the study protocol, however, it is a standard 
activity related to animal welfare. Articles that did not report body weight in their results 
section were excluded from the review. Two questions from the tool were split. Risk of 
selection bias via unequal baseline characteristics was assessed as (a) whether body weight 
was balanced between groups at the start of the housing intervention and (b) if the author 
used an analysis or reporting method to adjust for unequal distribution of baseline body 
weights. For risk of other bias from other sources, potential risk of bias from (a) conflict of 
interest and (b) unit analysis errors were assessed as separate questions. Disagreements 
between the reviewers were resolved through discussion until consensus was reached.

Effect size calculation

Effect sizes for body weight, food intake and visceral fat mass were calculated for each 
independently matched comparison of individually and socially housed animals. When 
multiple experimental groups within one study shared the same control group, a synthetic 
mean was computed by combining these experimental groups, which was used to compute 
the effect size (53). As quantitative data were presented as either absolute or relative 
data and using different units (e.g., kilogram, fold change, see Table 1), we used Hedges’ 
g unbiased standardized mean difference as a measure of effect size (54). Positive effect 
sizes represent higher body weight, food intake or visceral fat mass as a result of individual 
housing compared to social housing. Based on Cohen’s d, effect sizes of 0.2, 0.5 and 0.8 
indicate small, medium and large effects, respectively (55).
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Statistical analysis

The meta-analysis was conducted using Comprehensive Meta Analysis software (Version 
2.2.064, BioStat, Englewood, NJ, USA). We computed Hedges’ g, 95% confidence intervals 
(95% CI), and associated p values for each individual matched group. Summary estimates 
were calculated using random effects models; separate estimates were obtained for body 
weight, food intake and visceral fat mass. Heterogeneity among studies was assessed using 
I2 and the chi-squared statistic (Q) (54). Measures of heterogeneity of 25, 50 and 75% were 
considered low, moderate and high, respectively (56). Moderator analyses were conducted 
to examine the effects of: species (rats and mice), sex (male and female), diet (normal and 
obesogenic), and life stage (adult – adult, young – adult, young – young). We classified 
animals as young if they were ≤ 8 weeks of age and as adult if they were > 8 weeks of age 
(end of adolescence). The life stage moderator comprised both the timing of the start of the 
isolation as well as the timing of data collection (i.e., young – adult represents animals who 
were young when the isolation began, but adult when data were collected). The influence 
of the total duration of individual housing (in weeks) and the number of animals per cage 
in the social groups were analyzed (as continuous variables) using meta-regression models 
on body weight, food intake, and visceral fat mass. Stratified analyses included calculation 
of the summary estimates for body weight and meta-regression for number of animals 
per cage in the subsets of studies that also reported food intake and visceral adiposity. In 
addition, the summary estimates for food intake were calculated separately for the subsets 
of studies reporting higher and those reporting equal or lower body weights.

Results

The database search yielded 3751 articles and an additional 52 articles were identified via 
reference lists and Google search (Figure 1). Title/abstract screening resulted in 699 eligible 
articles. After full text screening, a total of 71 articles were included for review, describing 
134 independently matched groups of animals housed socially or indivdually. Table 1 
describes the experimental details of each matched group, including species, strain, sex, age, 
exposure period, number of animals per cage and diet. Additional details regarding cage and 
environmental conditions and biotechnical procedures (e.g., ambient temperature, cage 
size, cage materials and enrichment, handling frequency) were not consistently reported.
There were 23 matched groups classified as young – young, 68 matched groups classified 
as young – adult and 43 matched groups classified as adult – adult. The duration of social 
isolation applied varied from 0.5 weeks to 80 weeks (median duration = 5.5 weeks). The 
number of animals housed per cage in socially housed groups varied between 2 and 16 
(median = 4). One article did not provide details regarding the number of animals in the 
socially housed group (57), and was excluded from the meta-analysis. Rats and mice were 
equally represented in the included articles (71 rat, 63 mouse matched groups), but there 
were more male (96) than female matched groups (38). Thirteen matched groups were 
subject to an obesogenic diet (high fat or high sucrose) whilst the remaining matched groups 
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were on standard rodent diet.

Author reported results

Body weight

Effects of housing condition on body weight were reported for 134 matched groups from 
71 articles (Table 1). Across these articles, authors reported higher body weight as a result 
of individual housing in 30 matched groups, lower body weight as a result of individual 
housing in 26 matched groups, and no differences due to housing on body weight in 76 
matched groups. Higher body weight due to individual housing was reported most often in 
the young – adult life stage (25% of all matched groups in this life stage) compared to the 
young – young (17%) and adult – adult (21%) life stages.

Food intake

Of the studies reporting body weight, food intake was reported in 27 articles, representing 
55 matched groups (Table 1). Individual housing resulted in higher food intake in 29 matched 
groups, lower food intake in 3 matched groups, and equal food intake in 23 matched groups. 
A life stage-specific pattern was observed for higher food intake due to individual housing 
that was quite similar to differences in body weight; 69% of the young – adult matched 
groups reported higher food intake in individually housed animals, compared to just 38% of 
the young – young and 31% of the adult – adult matched groups.

Visceral white adipose tissue

There were 8 articles reporting on effects of individual housing versus social housing 
on visceral adipose tissue mass for a total of 12 matched groups; 7 matched groups 
demonstrated higher visceral adipose tissue mass as a result of individual housing, whilst 1 
reported lower visceral adipose tissue mass (Table 1). For the matched groups in the young 
– adult life stage 70% reported higher visceral white adipose tissue mass, whilst none of the 
young – young life stage matched groups reported this outcome and 50% reported it in the 
adult – adult life stage. Due to the low number of matched groups, no statistical analysis 
could be performed.

Meta-analyses

The final dataset for meta-analyses comprised: 94 effect size estimates for body weight 
derived from a total of 59 articles (83% of the original included articles, Table 1 and Figure 
S1); 45 effect size estimates for food intake derived from 23 articles (Table 1 and, Figure S2); 
12 effect size estimates derived from 8 articles for visceral fat mass (Table 1 and Figure S3) 
and 45 effect size estimates for body weight derived from the 23 articles that also reported 
on food intake (Table 1 and Figure S4).
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Effects of individual housing on body weight

Meta-analysis revealed no significant effect of individual housing on body weight (Hedges’ 
g [effect size, ES]) = 0.11, 95% confidence intervals [CI] = -0.05, 0.26, p = 0.17, Table 2 and 
Figure S1). There was moderate to high heterogeneity (Q = 290.1, degrees of freedom [df] 
= 93, I2 = 67.9). The life stage during which animals were housed individually and during 
which data were collected (a categorical variable) did not significantly affect the outcome 
(Table 2). The considerable heterogeneity could not be explained by effect of species, sex 
or diet on overall mean effect size (Table 2), nor was the effect influenced by the duration 
of the individual housing paradigm. Meta-regression analysis revealed, however, that cage 
density did affect the outcome, with number of animals per cage negatively related with the 
effect size for body weight (slope = -0.08, 95% CI = -0.17, 0.01, p = 0.04; Figure 2), meaning 
that increased number of animals in a cage would actually increase body weight relative to 
individually housed animals. However, exclusion of one study with a very high cage density 
(i.e., 15 animals per cage (58)) from the regression analysis resulted in loss of significance 
for this effect.

Effects of individual housing on food intake

Data on food intake of individually and socially housed animals were usually presented as 
(change) in absolute value (e.g., average kcal/day) and, except for one article (41), data were 
not adjusted for body size. The effect sizes for unadjusted food intake were not correlated 
with effect sizes for body weight (R2 = 0.08, p = 0.06, n = 45), indicating that the current results 
on food intake were not confounded by differences in body weight between groups. Meta-
analysis indicated that individual housing resulted in a “medium” and significant increase in 
food intake (ES = 0.57, 95% CI 0.36, 0.77, p < 0.01, Table 2 and Figure S2). The heterogeneity 
was moderate (Q = 84.3, df = 44, I2 = 47.8). Similar to body weight, the effect of housing 
condition on food intake was not significantly influenced by life stage or the moderators 
species, sex and diet (Table 2). Meta regression indicated that duration of individual housing 
and cage density did not affect food intake (Figure 3). Also duration of individual housing did 
not affect outcomes.

Effects of individual housing on visceral adipose tissue mass

Weights of visceral adipose tissue depots were reported unadjusted for body mass in 11 of 
the 12 selected matched groups, whilst one article reported the outcomes as percentage of 
body mass (39). The effect size of unadjusted fat mass was not correlated to the effect size 
of body weight in this data subset (Pearson’s R2=0.49, p = 0.11, n = 12). The meta-analysis 
indicated that individual housing resulted in a strong and significant increase in visceral 
adipose tissue mass (ES = 0.92, 95% CI = 0.34, 1.51, p = 0.002, Table 2 and Figure S3), though 
heterogeneity was high (Q = 44.7, df = 11, I2 = 75.4). The life stage during which individual 
housing and data collection took place had no significant effect on the outcome, nor did 
species or diet (Table 2). A moderator analysis for sex was not performed as there was only 
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one article that reported data from female subjects. Meta-regression did not provide any 
evidence that the high heterogeneity could be explained by the duration of the housing 
intervention or the cage density of the socially housed animals.

Stratification

Housing condition did not significantly influence body weight across the included studies. 
However, when only the 45 matched groups for which food intake data were also available 
(n = 45 matched groups) were analyzed for the effect of individual housing versus social 
housing on body weight, there was a significant effect (ES = 0.23, 95%CI = 0.02, 0.44, 
p=0.03, Figure S4), with higher body weight in individually housed animals compared to 
socially housed animals. Meta-regression analysis of this subset revealed a tendency for 
the number of animals per cage to be negatively correlated to body weight (slope = 0.14, 
95% CI = -0.01, 0.29, p = 0.07). In this subset, 23 matched groups showed a higher body 
weight in individually housed animals compared to socially housed animals (i.e., positive 
effect size for body weight, Figure S4), and this was in conjunction with an increase in food 
intake (meta-analysis of food intake in 23 matched groups, ES = 0.59, 95%CI = 0.38, 0.81, 
p < 0.01). Although body weight was not higher due to individual housing in the remaining 
22 matched groups (Figure S4), food intake was still significantly higher in the individually 
housed animals compared to socially housed animals in this subset (meta-analysis of food 
intake in 22 matched groups, ES = 0.44, 95%CI = 0.08, 0.80, p = 0.02).
In the subset of studies that reported on visceral fat mass (12 effect sizes), meta-analysis 
did not reveal a significant effect of individual housing on body weight (ES = 0.24, 95%CI = 
-0.19, 0.66, p = 0.28). In this subset, there were 7 matched groups that also reported on food 
intake. In these cases, the effect sizes for visceral adiposity and food intake were in the same 
direction, however no analysis was performed because of the limited number of records.

Quality and risk of bias of included studies

The quality of the studies included in this review was assessed using the SYRCLE risk of 
bias tool (52) (Figure 5). There was a high risk of bias due to incorrect use of the unit of 
analysis (i.e., the socially housed animals living together in one cage were used as individual 
units of analysis), with only 7% of studies using the correct unit of analysis. Whilst over 50% 
of studies controlled for baseline differences at the beginning of the study, and a further 
19% corrected or controlled for differences at baseline, initial randomization of animals 
was poorly reported (65% of articles did not describe any sequence allocation). Methods 
for blinding of experimenters and randomization of outcome measurements were rarely 
reported (Figure 5).
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram 
of study selection process. Table 1 Overview of characteristics of all included studies
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First author, year of
publication 
(subgroup)

Species (strain) Sex Age at start 
of isolation
(wks)

Duration 
of isolation 
(wks)

# animals 
in social
 group

Obesogenic 
diet?

Measure of 
body weight

Isolated animals’ 
body weight 
compared to 
socially housed?

Isolated animals’ 
food intake 
compared to 
socially housed?

Isolated animals’ 
white adipose 
tissue compared 
to socially 
housed?

Abou-Ismali, 2014 (59) Rats (Wistar) M 3 5 3 normal absolute (g) 
change (g)

equal

Abramov, 2004 (50) Mice (WT 129sv/
C57BL6)

M 13 3 8 normal change (g) lower

Abramov, 2004 (50) Mice (WT 129sv/
C57BL6)

F 13 3 8 normal change (g) equal

Ader, 1963 (60) Rats (SD) M 4 8 2 normal descriptive 
only

equal

Ali, 2012 (51) Mice (Swiss 
albino)

M 8 4 5 normal absolute (g) equal

Amir, 1979 (61) Rats (Wistar) M 8 5 2 normal absolute (g) higher
Arcego, 2014 (62) Rats (Wistar) M 3 1 4 normal change (g) equal equalbb

Arcego, 2014 (62) Rats (Wistar) M 3 1 4 HFD change (g) equal higherbb

Arcego, 2014 (62) Rats (Wistar) M 3 1 4 HSD change (g) equal equalbb

Baker, 2007 (63) Rats (SD) F 10 3 2 normal absolute (g) 
change (g and 
%)

higher

Barnhart, 1982 (64) Mice (Ha: ICR) M 29 14 4 normal absolute (g) equal
Barnhart, 1982 (64) Mice (Ha: ICR) M 4 37 4 normal absolute (g) equal
Barnhart, 1982 (64) Mice (Ha: ICR) F 4 37 4 normal absolute (g) equal
Bartolomucci, 2009a 
(44)

Mice (Swiss 
CD-1)

M 12 1 3 normal fold change 
from basal

lower lowerb

Bartolomucci, 2009a 
(44)

Mice (Swiss 
CD-1)

M 12 4 3 HFD fold change 
from basal

higher higherc higherd

Bartolomucci, 2009a 
(44)

Mice (Swiss 
CD-1)

M 12 4 3 normal fold change 
from basal

lower lowerb lowerd

Bartolomucci, 2009b 
(non-siblings) (65)

Mice (Swiss 
CD-1)

F 10 1 3 normal change (g) equalsyn

Bartolomucci, 2009b 
(siblings) (65)

Mice (Swiss 
CD-1)

F 10 1 3 normal change (g) equalsyn

Ben Menachem-Zidon, 
2008 (46)

Mice (WT 
C57BL/6 X CBA)

M 10 4 9 normal absolute (g) lower

Benite-Ribeiro, 2013 
(41)

Rats (Wistar) F 7 2 2 HFD equal equal

Benite-Ribeiro, 2013 
(41)

Rats (Wistar) F 7 6 2 HFD absolute (g) equal higherab equald

Bibancos, 2007 (66) C57BL/6J M 3 6 4 normal change (g) equal
Brain, 1970 (67) Mice (TT albino) M 13 3 2 normal absolute (g) equalsyn

Brain, 1970 (67) Mice (TT albino) M 13 3 4 normal absolute (g) equalsyn

Brain, 1970 (67) Mice (TT albino) M 13 3 8 normal absolute (g) equalsyn

Brain, 1970 (67) Mice (TT albino) M 13 3 16 normal absolute (g) equal

Breslin, 2010 (68) Mice 
(Crl:CD1(1CR))

M 6 12 4 obesity absolute (g) 
change (% )

equal higherbb
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First author, year of
publication 
(subgroup)

Species (strain) Sex Age at start 
of isolation
(wks)

Duration 
of isolation 
(wks)

# animals 
in social
 group

Obesogenic 
diet?

Measure of 
body weight

Isolated animals’ 
body weight 
compared to 
socially housed?

Isolated animals’ 
food intake 
compared to 
socially housed?

Isolated animals’ 
white adipose 
tissue compared 
to socially 
housed?

Abou-Ismali, 2014 (59) Rats (Wistar) M 3 5 3 normal absolute (g) 
change (g)

equal

Abramov, 2004 (50) Mice (WT 129sv/
C57BL6)

M 13 3 8 normal change (g) lower

Abramov, 2004 (50) Mice (WT 129sv/
C57BL6)

F 13 3 8 normal change (g) equal

Ader, 1963 (60) Rats (SD) M 4 8 2 normal descriptive 
only

equal

Ali, 2012 (51) Mice (Swiss 
albino)

M 8 4 5 normal absolute (g) equal

Amir, 1979 (61) Rats (Wistar) M 8 5 2 normal absolute (g) higher
Arcego, 2014 (62) Rats (Wistar) M 3 1 4 normal change (g) equal equalbb

Arcego, 2014 (62) Rats (Wistar) M 3 1 4 HFD change (g) equal higherbb

Arcego, 2014 (62) Rats (Wistar) M 3 1 4 HSD change (g) equal equalbb

Baker, 2007 (63) Rats (SD) F 10 3 2 normal absolute (g) 
change (g and 
%)

higher

Barnhart, 1982 (64) Mice (Ha: ICR) M 29 14 4 normal absolute (g) equal
Barnhart, 1982 (64) Mice (Ha: ICR) M 4 37 4 normal absolute (g) equal
Barnhart, 1982 (64) Mice (Ha: ICR) F 4 37 4 normal absolute (g) equal
Bartolomucci, 2009a 
(44)

Mice (Swiss 
CD-1)

M 12 1 3 normal fold change 
from basal

lower lowerb

Bartolomucci, 2009a 
(44)

Mice (Swiss 
CD-1)

M 12 4 3 HFD fold change 
from basal

higher higherc higherd

Bartolomucci, 2009a 
(44)

Mice (Swiss 
CD-1)

M 12 4 3 normal fold change 
from basal

lower lowerb lowerd

Bartolomucci, 2009b 
(non-siblings) (65)

Mice (Swiss 
CD-1)

F 10 1 3 normal change (g) equalsyn

Bartolomucci, 2009b 
(siblings) (65)

Mice (Swiss 
CD-1)

F 10 1 3 normal change (g) equalsyn

Ben Menachem-Zidon, 
2008 (46)

Mice (WT 
C57BL/6 X CBA)

M 10 4 9 normal absolute (g) lower

Benite-Ribeiro, 2013 
(41)

Rats (Wistar) F 7 2 2 HFD equal equal

Benite-Ribeiro, 2013 
(41)

Rats (Wistar) F 7 6 2 HFD absolute (g) equal higherab equald

Bibancos, 2007 (66) C57BL/6J M 3 6 4 normal change (g) equal
Brain, 1970 (67) Mice (TT albino) M 13 3 2 normal absolute (g) equalsyn

Brain, 1970 (67) Mice (TT albino) M 13 3 4 normal absolute (g) equalsyn

Brain, 1970 (67) Mice (TT albino) M 13 3 8 normal absolute (g) equalsyn

Brain, 1970 (67) Mice (TT albino) M 13 3 16 normal absolute (g) equal

Breslin, 2010 (68) Mice 
(Crl:CD1(1CR))

M 6 12 4 obesity absolute (g) 
change (% )

equal higherbb
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First author, year of
publication 
(subgroup)

Species (strain) Sex Age at start 
of isolation
(wks)

Duration 
of isolation 
(wks)

# animals 
in social
 group

Obesogenic 
diet?

Measure of 
body weight

Isolated animals’ 
body weight 
compared to 
socially housed?

Isolated animals’ 
food intake 
compared to 
socially housed?

Isolated animals’ 
white adipose 
tissue compared 
to socially 
housed?

Chvedoff, 1980b (69) Mice (CD1) M 3 80 2 normal absolute (g) higher highera

Chvedoff, 1980b (69) Mice (CD1) M 3 80 4 normal absolute (g) higher highera

Chvedoff, 1980b (69) Mice (CD1) M 3 80 8 normal absolute (g) higher highera

Chvedoff, 1980b (69) Mice (CD1) F 3 80 2 normal absolute (g) equal highera

Chvedoff, 1980b (69) Mice (CD1) F 3 80 4 normal absolute (g) equal equala

Chvedoff, 1980b (69) Mice (CD1) F 3 80 8 normal absolute (g) higher highera

Cowley, 1965 (70) Rats (Lister 
hooded)

M 3 9 3 normal absolute (g) higher higheraa

Cowley, 1965 (handling) 
(70)

Rats (Lister 
hooded)

M 3 9 3 normal absolute (g) higher higheraa

Cruz, 2016 (71) Rats (Wistar) M 8.5 3 4 normal absolute (g) equal
Cruz, 2016 (71) Rats (Wistar) M 3, 3 4 normal absolute (g) lower
Dawson 1981 (57) Mice (CF-1) M 16 4 not 

specified
normal absolute (g) lower

Dawson 1981 (57) Mice (CF-1) F 16 4 not 
specified

normal absolute (g) equal

Fisher, 2012 (72) Rats (Flinders 
Restistant)

M 10 5.5 2 normal absolute (g) 
change (g)

higher higheraa

Gangrade, 1984, exp 1 
(58)

Mice (Parkes) F 11 3 15 normal absolute (g) equal

Gilabert-Juan, 2013 (73) Rats (Lister 
hooded)

M 3 8 3 normal absolute (g) higher

Goodrick, 1974 (74) Mice (AJ) M 5 10 2 normal absolute (g) equal
Goodrick, 1974 (74) Mice (C57BL6j) M 5 10 2 normal absolute (g) equal
Goodrick, 1974 (74) Mice (AJ/

C57BL6j)
M 5 10 2 normal absolute (g) equal

Guo, 2004 (75) Mice (Swiss–
Kunming)

M 3 16 5 normal absolute (g) lower

Guo, 2004 (75) Mice (Swiss–
Kunming)

F 3 16 5 normal absolute (g) lower

Hahn, 1965 (76) Rats (SD) M 8.5 2 12 normal absolute (g) equal
Haller, 1999 (77) Rats (Wistar) M 10 0.5 6 normal change (g) equal
Harris, 1997 (38) Rats (Wistar) M 10 3 4 normal absolute (g) equal equald

Harris, 2008, exp 1 (35) Rats (Lister 
hooded)

M 10 12 2 normal descriptive 
only

equal equal

Harris, 2008, exp 2 (35) Rats (Lister 
hooded)

M 10 3 2 normal descriptive 
only

equal equal

Harris, 2008, exp 3 (35) Rats (Lister 
hooded)

M 5 12 2 normal descriptive 
only

equal equal

Harris, 2008, exp 3 (35) Rats (Lister 
hooded)

F 5 12 2 normal descriptive 
only

equal equal

Harris, 2008, exp1 (35) Rats (Lister 
hooded)

F 10 12 2 normal descriptive 
only

equal equal

Harris, 2008, exp2 (35) Rats (Lister 
hooded)

F 10 3 2 normal descriptive 
only

equal equal

Hoffman-Goetz, 1992 
(78)

Mice (C3He) M 4 4 4 normal absolute (g) 
change (g)

equal

Hoyenga, 1969 (9) Rats (Holtzman) M 3 11 4 normal change (%) lower
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First author, year of
publication 
(subgroup)

Species (strain) Sex Age at start 
of isolation
(wks)

Duration 
of isolation 
(wks)

# animals 
in social
 group

Obesogenic 
diet?

Measure of 
body weight

Isolated animals’ 
body weight 
compared to 
socially housed?

Isolated animals’ 
food intake 
compared to 
socially housed?

Isolated animals’ 
white adipose 
tissue compared 
to socially 
housed?

Chvedoff, 1980b (69) Mice (CD1) M 3 80 2 normal absolute (g) higher highera

Chvedoff, 1980b (69) Mice (CD1) M 3 80 4 normal absolute (g) higher highera

Chvedoff, 1980b (69) Mice (CD1) M 3 80 8 normal absolute (g) higher highera

Chvedoff, 1980b (69) Mice (CD1) F 3 80 2 normal absolute (g) equal highera

Chvedoff, 1980b (69) Mice (CD1) F 3 80 4 normal absolute (g) equal equala

Chvedoff, 1980b (69) Mice (CD1) F 3 80 8 normal absolute (g) higher highera

Cowley, 1965 (70) Rats (Lister 
hooded)

M 3 9 3 normal absolute (g) higher higheraa

Cowley, 1965 (handling) 
(70)

Rats (Lister 
hooded)

M 3 9 3 normal absolute (g) higher higheraa

Cruz, 2016 (71) Rats (Wistar) M 8.5 3 4 normal absolute (g) equal
Cruz, 2016 (71) Rats (Wistar) M 3, 3 4 normal absolute (g) lower
Dawson 1981 (57) Mice (CF-1) M 16 4 not 

specified
normal absolute (g) lower

Dawson 1981 (57) Mice (CF-1) F 16 4 not 
specified

normal absolute (g) equal

Fisher, 2012 (72) Rats (Flinders 
Restistant)

M 10 5.5 2 normal absolute (g) 
change (g)

higher higheraa

Gangrade, 1984, exp 1 
(58)

Mice (Parkes) F 11 3 15 normal absolute (g) equal

Gilabert-Juan, 2013 (73) Rats (Lister 
hooded)

M 3 8 3 normal absolute (g) higher

Goodrick, 1974 (74) Mice (AJ) M 5 10 2 normal absolute (g) equal
Goodrick, 1974 (74) Mice (C57BL6j) M 5 10 2 normal absolute (g) equal
Goodrick, 1974 (74) Mice (AJ/

C57BL6j)
M 5 10 2 normal absolute (g) equal

Guo, 2004 (75) Mice (Swiss–
Kunming)

M 3 16 5 normal absolute (g) lower

Guo, 2004 (75) Mice (Swiss–
Kunming)

F 3 16 5 normal absolute (g) lower

Hahn, 1965 (76) Rats (SD) M 8.5 2 12 normal absolute (g) equal
Haller, 1999 (77) Rats (Wistar) M 10 0.5 6 normal change (g) equal
Harris, 1997 (38) Rats (Wistar) M 10 3 4 normal absolute (g) equal equald

Harris, 2008, exp 1 (35) Rats (Lister 
hooded)

M 10 12 2 normal descriptive 
only

equal equal

Harris, 2008, exp 2 (35) Rats (Lister 
hooded)

M 10 3 2 normal descriptive 
only

equal equal

Harris, 2008, exp 3 (35) Rats (Lister 
hooded)

M 5 12 2 normal descriptive 
only

equal equal

Harris, 2008, exp 3 (35) Rats (Lister 
hooded)

F 5 12 2 normal descriptive 
only

equal equal

Harris, 2008, exp1 (35) Rats (Lister 
hooded)

F 10 12 2 normal descriptive 
only

equal equal

Harris, 2008, exp2 (35) Rats (Lister 
hooded)

F 10 3 2 normal descriptive 
only

equal equal

Hoffman-Goetz, 1992 
(78)

Mice (C3He) M 4 4 4 normal absolute (g) 
change (g)

equal

Hoyenga, 1969 (9) Rats (Holtzman) M 3 11 4 normal change (%) lower
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First author, year of
publication 
(subgroup)

Species (strain) Sex Age at start 
of isolation
(wks)

Duration 
of isolation 
(wks)

# animals 
in social
 group

Obesogenic 
diet?

Measure of 
body weight

Isolated animals’ 
body weight 
compared to 
socially housed?

Isolated animals’ 
food intake 
compared to 
socially housed?

Isolated animals’ 
white adipose 
tissue compared 
to socially 
housed?

Hughes, 1973 (79) Rats (black-
hooded)

M 3 14 2 normal absolute (g) highersyn

Hughes, 1973 (79) Rats (black-
hooded)

M 3 14 4 normal absolute (g) highersyn

Innos, 2012 (80) Mice (WT 
129S6/SvEvTac 
×C57BL/6 )

M 9 5 8 normal absolute (g) lower

Ishida, 2003 (81) Mice (HOS:HR-1, 
hairless)

F 12 13 5 normal change (g) equal highera

Jahng, 2012 (82) Rats (SD) F 4 3 3 normal absolute (g) higher highera

Jennings, 1986 (31) Mice (C57Bl/
lOScSn)

F 20 3 2 normal absolute (g) 
gain (g)

highersyn

Jennings, 1986 (31) Mice (C57Bl/
lOScSn)

F 20 3 3 normal absolute (g) 
gain (g)

equalsyn

Jennings, 1986 (31) Mice (C57Bl/
lOScSn)

F 20 3 6 normal absolute (g) 
gain (g)

highersyn

Kalinichev, 2005 (32) Rats (Wistar, SD) F 14 1 5 normal absolute (g) lower

Ko, 2015 (83) Rats (SD) M 3 4 2 normal absolute (g) equal
Ko, 2015 (83) Rats (SD) F 3 4 2 normal absolute (g) equal
Ko, 2016 (gavaged) (84) Rats (SD) M 3 9 2 normal absolute (g) equal

Ko, 2016 (84) Rats (SD) M 3 9 2 normal absolute (g) equal
Ko, 2016 (gavaged) (84) Rats (SD) F 3 9 2 normal absolute (g) equal

Ko, 2016 (84) Rats (SD) F 3 9 2 normal absolute (g) equal
Krolow, 2013 (85) Rats (Wistar) M 3 1 4 normal change (g) equal equalb

Krolow, 2013 (85) Rats (Wistar) F 3 1 4 normal change (g) equal equalb

Krolow, 2013 (85) Rats (Wistar) M 3 1 4 HSD change (g) equal higherb

Krolow, 2013 (85) Rats (Wistar) F 3 1 4 HSD change (g) higher higherb

Krugel, 2014 (86) Rats (Wistar) M 9 4 4 normal absolute (g) higher
Lamkin, 2011 (47) Mice (C57Bl/6J) F 11 14 4 normal descriptive 

only
equal

Lopak, 2000 (48) Rats (SD) M 10 3 7 normal absolute (g) equal equala

Lopez, 2015 (enriched) 
(45)

Mice (C57Bl/6J) M 3 5.5 4 normal absolute (g) equal

Lopez, 2015 (enriched) 
(45)

Mice (C57Bl/6J) F 3 5.5 4 normal absolute (g) equal

Lopez, 2015 (45) Mice (C57Bl/6J) M 3 5.5 4 normal absolute (g) equal

Lopez, 2015 (45) Mice (C57Bl/6J) F 3 5.5 4 normal absolute (g) equal

Marcolin,  2012 (43) Rats (Wistar) M 3 1 3 HSD change (g) equal equalaa

Marcolin, 2012 
(handling) (43)

Rats (Wistar) M 3 1 3 normal change (g) equal equalaa

Marcolin, 2012 (43) Rats (Wistar) M 3 1 3 normal change (g) equal equalaa
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First author, year of
publication 
(subgroup)

Species (strain) Sex Age at start 
of isolation
(wks)

Duration 
of isolation 
(wks)

# animals 
in social
 group

Obesogenic 
diet?

Measure of 
body weight

Isolated animals’ 
body weight 
compared to 
socially housed?

Isolated animals’ 
food intake 
compared to 
socially housed?

Isolated animals’ 
white adipose 
tissue compared 
to socially 
housed?

Hughes, 1973 (79) Rats (black-
hooded)

M 3 14 2 normal absolute (g) highersyn

Hughes, 1973 (79) Rats (black-
hooded)

M 3 14 4 normal absolute (g) highersyn

Innos, 2012 (80) Mice (WT 
129S6/SvEvTac 
×C57BL/6 )

M 9 5 8 normal absolute (g) lower

Ishida, 2003 (81) Mice (HOS:HR-1, 
hairless)

F 12 13 5 normal change (g) equal highera

Jahng, 2012 (82) Rats (SD) F 4 3 3 normal absolute (g) higher highera

Jennings, 1986 (31) Mice (C57Bl/
lOScSn)

F 20 3 2 normal absolute (g) 
gain (g)

highersyn

Jennings, 1986 (31) Mice (C57Bl/
lOScSn)

F 20 3 3 normal absolute (g) 
gain (g)

equalsyn

Jennings, 1986 (31) Mice (C57Bl/
lOScSn)

F 20 3 6 normal absolute (g) 
gain (g)

highersyn

Kalinichev, 2005 (32) Rats (Wistar, SD) F 14 1 5 normal absolute (g) lower

Ko, 2015 (83) Rats (SD) M 3 4 2 normal absolute (g) equal
Ko, 2015 (83) Rats (SD) F 3 4 2 normal absolute (g) equal
Ko, 2016 (gavaged) (84) Rats (SD) M 3 9 2 normal absolute (g) equal

Ko, 2016 (84) Rats (SD) M 3 9 2 normal absolute (g) equal
Ko, 2016 (gavaged) (84) Rats (SD) F 3 9 2 normal absolute (g) equal

Ko, 2016 (84) Rats (SD) F 3 9 2 normal absolute (g) equal
Krolow, 2013 (85) Rats (Wistar) M 3 1 4 normal change (g) equal equalb

Krolow, 2013 (85) Rats (Wistar) F 3 1 4 normal change (g) equal equalb

Krolow, 2013 (85) Rats (Wistar) M 3 1 4 HSD change (g) equal higherb

Krolow, 2013 (85) Rats (Wistar) F 3 1 4 HSD change (g) higher higherb

Krugel, 2014 (86) Rats (Wistar) M 9 4 4 normal absolute (g) higher
Lamkin, 2011 (47) Mice (C57Bl/6J) F 11 14 4 normal descriptive 

only
equal

Lopak, 2000 (48) Rats (SD) M 10 3 7 normal absolute (g) equal equala

Lopez, 2015 (enriched) 
(45)

Mice (C57Bl/6J) M 3 5.5 4 normal absolute (g) equal

Lopez, 2015 (enriched) 
(45)

Mice (C57Bl/6J) F 3 5.5 4 normal absolute (g) equal

Lopez, 2015 (45) Mice (C57Bl/6J) M 3 5.5 4 normal absolute (g) equal

Lopez, 2015 (45) Mice (C57Bl/6J) F 3 5.5 4 normal absolute (g) equal

Marcolin,  2012 (43) Rats (Wistar) M 3 1 3 HSD change (g) equal equalaa

Marcolin, 2012 
(handling) (43)

Rats (Wistar) M 3 1 3 normal change (g) equal equalaa

Marcolin, 2012 (43) Rats (Wistar) M 3 1 3 normal change (g) equal equalaa
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First author, year of
publication 
(subgroup)

Species (strain) Sex Age at start 
of isolation
(wks)

Duration 
of isolation 
(wks)

# animals 
in social
 group

Obesogenic 
diet?

Measure of 
body weight

Isolated animals’ 
body weight 
compared to 
socially housed?

Isolated animals’ 
food intake 
compared to 
socially housed?

Isolated animals’ 
white adipose 
tissue compared 
to socially 
housed?

Marcolin, 2012 
(handling) (43)

Rats (Wistar) M 3 1 3 HSD change (g) equal equalaa

Marks-Kaufman, 1984 
(87)

Rats (SD) M 3 5.5 2 normal descriptive 
only

equal

Marks-Kaufman, 1984 
(87)

Rats (SD) M 3 5.5 4 normal descriptive 
only

equal

Maslova, 2010 (88) Rats (Wistar) M 3 6, 4 normal absolute (g) equal
Morgan, 1975 (89) Rats (Hooded 

Lister)
F 3 5.5 5 normal absolute (g) higher highera

Morinan, 1980 (90) Rats (Wistar) M 3 3 4 normal absolute (g) equal highera

Motoyama, 2009 (91) Mice (BALB/c) M 5 4 3 normal absolute (g) equal
Nagy, 2002 (33) Mice (C57Bl/6J) M 3 9 5 normal absolute (g) lower Equald,e

Nakhate, 2011 (30) Rats (SD) M 7 6 3 normal absolute (g) higher highera

Nonogaki, 2007 (39) Mice (C57Bl/6J) M 5 3 3 normal change (g) equal Equald

O'Connor, 2009 (49) Rats (SD) M 7 3 2 normal change (g) equal equala

Perez, 1997 (92) Rats (Wistar) F 13 1 5 normal absolute (g) equal highera

Pradier, 2015 (93) Mice (C57Bl/6J) M 8 20 2 normal absolute (g) equal equala

Ryu, 2009 (94) Rats (SD) M 3 6 3 normal absolute (g) equal equala

Sakakibara, 2012 (95) Mice (C57Bl/6J) M 5.5 13 5 normal absolute (g) higher higherd

Shelly, 1965, exp 1 (96) Rats (SD) M 3 11 2 normal absolute (g) equal

Shelly, 1965, exp 1 (96) Rats (SD) M 3 11 10 normal absolute (g) higher

Shelly, 1965, exp 2 (96) Rats (SD) M 3 11 2 normal absolute (g) equal

Shelly, 1965, exp 2 (96) Rats (SD) M 3 11 10 normal absolute (g) higher highera

Silva, 2003 (97) Rats (Wistar) M 11 3 5 normal change (g) equal
Skalicky, 2001 (98) Rats (SD) M 20 72 4 normal absolute (g) lower
Stern, 1960 (99) Rats (SD) M 3 8 15 normal absolute (g) equal
Sun, 2014 (42) Mice (C57BL/6) M 12 8 4 normal absolute (g) equal higherd

Takemoto, 1975 (100) Mice (dd-D) M 11 13 4 normal absolute (g) highersyn

Takemoto, 1975 (100) Mice (dd-D) M 11 13 4 normal absolute (g) highersyn

Takemoto, 1975 (100) Mice (dd-D) M 29 12 4 normal absolute (g) higher equala

Takemoto, 1975 (100) Mice (dd-D) F 32 12 4 normal absolute (g) equal equala

Takemoto, 1975 (100) Mice (dd-D) M 8 12 4 normal absolute (g) higher equala

Takemoto, 1975 (100) Mice (dd-D) F 8 12 4 normal absolute (g) equal equala

Thorsell, 2005 (101) Rats (Wistar) M 7 13 2 normal absolute (g) lower
Tsuduki, 2015 (40) Mice (C57Bl/6J) M 3 8 6 normal absolute (g) equal highera higherd

Tsuduki, 2015 (offspring 
HFD) (40)

Mice (C57Bl/6J) M 3 8 6 HFD absolute (g) equal highera higherd

Tsuduki, 2015 (maternal 
+ offspring HFD) (40)

Mice (C57Bl/6J) M 3 8 6 HFD absolute (g) equal highera higherd
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First author, year of
publication 
(subgroup)

Species (strain) Sex Age at start 
of isolation
(wks)

Duration 
of isolation 
(wks)

# animals 
in social
 group

Obesogenic 
diet?

Measure of 
body weight

Isolated animals’ 
body weight 
compared to 
socially housed?

Isolated animals’ 
food intake 
compared to 
socially housed?

Isolated animals’ 
white adipose 
tissue compared 
to socially 
housed?

Marcolin, 2012 
(handling) (43)

Rats (Wistar) M 3 1 3 HSD change (g) equal equalaa

Marks-Kaufman, 1984 
(87)

Rats (SD) M 3 5.5 2 normal descriptive 
only

equal

Marks-Kaufman, 1984 
(87)

Rats (SD) M 3 5.5 4 normal descriptive 
only

equal

Maslova, 2010 (88) Rats (Wistar) M 3 6, 4 normal absolute (g) equal
Morgan, 1975 (89) Rats (Hooded 

Lister)
F 3 5.5 5 normal absolute (g) higher highera

Morinan, 1980 (90) Rats (Wistar) M 3 3 4 normal absolute (g) equal highera

Motoyama, 2009 (91) Mice (BALB/c) M 5 4 3 normal absolute (g) equal
Nagy, 2002 (33) Mice (C57Bl/6J) M 3 9 5 normal absolute (g) lower Equald,e

Nakhate, 2011 (30) Rats (SD) M 7 6 3 normal absolute (g) higher highera

Nonogaki, 2007 (39) Mice (C57Bl/6J) M 5 3 3 normal change (g) equal Equald

O'Connor, 2009 (49) Rats (SD) M 7 3 2 normal change (g) equal equala

Perez, 1997 (92) Rats (Wistar) F 13 1 5 normal absolute (g) equal highera

Pradier, 2015 (93) Mice (C57Bl/6J) M 8 20 2 normal absolute (g) equal equala

Ryu, 2009 (94) Rats (SD) M 3 6 3 normal absolute (g) equal equala

Sakakibara, 2012 (95) Mice (C57Bl/6J) M 5.5 13 5 normal absolute (g) higher higherd

Shelly, 1965, exp 1 (96) Rats (SD) M 3 11 2 normal absolute (g) equal

Shelly, 1965, exp 1 (96) Rats (SD) M 3 11 10 normal absolute (g) higher

Shelly, 1965, exp 2 (96) Rats (SD) M 3 11 2 normal absolute (g) equal

Shelly, 1965, exp 2 (96) Rats (SD) M 3 11 10 normal absolute (g) higher highera

Silva, 2003 (97) Rats (Wistar) M 11 3 5 normal change (g) equal
Skalicky, 2001 (98) Rats (SD) M 20 72 4 normal absolute (g) lower
Stern, 1960 (99) Rats (SD) M 3 8 15 normal absolute (g) equal
Sun, 2014 (42) Mice (C57BL/6) M 12 8 4 normal absolute (g) equal higherd

Takemoto, 1975 (100) Mice (dd-D) M 11 13 4 normal absolute (g) highersyn

Takemoto, 1975 (100) Mice (dd-D) M 11 13 4 normal absolute (g) highersyn

Takemoto, 1975 (100) Mice (dd-D) M 29 12 4 normal absolute (g) higher equala

Takemoto, 1975 (100) Mice (dd-D) F 32 12 4 normal absolute (g) equal equala

Takemoto, 1975 (100) Mice (dd-D) M 8 12 4 normal absolute (g) higher equala

Takemoto, 1975 (100) Mice (dd-D) F 8 12 4 normal absolute (g) equal equala

Thorsell, 2005 (101) Rats (Wistar) M 7 13 2 normal absolute (g) lower
Tsuduki, 2015 (40) Mice (C57Bl/6J) M 3 8 6 normal absolute (g) equal highera higherd

Tsuduki, 2015 (offspring 
HFD) (40)

Mice (C57Bl/6J) M 3 8 6 HFD absolute (g) equal highera higherd

Tsuduki, 2015 (maternal 
+ offspring HFD) (40)

Mice (C57Bl/6J) M 3 8 6 HFD absolute (g) equal highera higherd
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First author, year of
publication 
(subgroup)

Species (strain) Sex Age at start 
of isolation
(wks)

Duration 
of isolation 
(wks)

# animals 
in social
 group

Obesogenic 
diet?

Measure of 
body weight

Isolated animals’ 
body weight 
compared to 
socially housed?

Isolated animals’ 
food intake 
compared to 
socially housed?

Isolated animals’ 
white adipose 
tissue compared 
to socially 
housed?

Tsuduki, 2015 (maternal 
HFD) (40)

Mice (C57Bl/6J) M 3 8 6 HFD absolute (g) equal highera higherd

weltman, 1966 (102) Mice (albino) F 4 16 2 normal absolute (g) equal highera

Wiberg, 1966 (103) Rats (SD) M 4 15 10 normal descriptive 
only

lower

Wiberg, 1966 (103) Rats (SD) F 4 15 10 normal descriptive 
only

lower

Wiberg, 1966 (103) Rats (Wistar) M 4 16 10 normal absolute (g) lower
Wiberg, 1966 (103) Rats (Wistar) F 4 16 10 normal absolute (g) lower
Wyndham, 1983 (104) Rats (Wistar) M 7 71 7 normal absolute (g) higher highera

Yamada, 2000 (105) Mice (WT 
unknown 
background)

M 6 19 4 normal absolute (g) 
change (g)

lower lowera

Yamada, 2015 (106) Mice (C57Bl/6) M 8 2 3 normal change (%) equal highera

Yamada, 2015 (106) Mice (C57Bl/6) F 8 2 3 normal change (%) equal highera

Zaias, 2008 (107) Rats (SD) M 3 4 2 normal change (%) highersyn

Zaias, 2008 (107) Rats (SD) M 3 4 3 normal change (%) equalsyn

Zaias, 2008 (107) Rats (SD) M 3 4 3 normal change (%) highersyn

Zaias, 2008  (107) Rats (SD) M 3 4 2 normal change (%) equalsyn

Table 1 Overview of characteristics of all included studies
ag/day; aag/week(s); bkcal or Kj/day; bbkcal or Kj/week; abkcal/g bw; cFold change from baseline; 
dAbsolute (g); ePercentage of body mass (%),SynSynthesized variable included in meta-analysis; HFD, 
high fat diet; HSD, high sucrose diet; M, male; F, female; SD, Sprague Dawley; WT, wild type. Results in 
bold are included in the appropriate meta-analysis

Body weight Food intake White adipose tissue mass
n ES 95% CI Qb n ES 95% CI 95% CI

Lower Upper Lower Upper Qb n ES Lower Upper Qb
Overall mean
Moderator variables

94 0.11 -0.05 0.26 45 0.57** 0.36 0.77 12 0.92* 0.34 1.51

Species Mice 43 0.05 -0.19 0.28 0.50 16 0.60** 0.26 0.93 0.05 6 0.84 -0.01 1.70 0.11
Rats 51 0.16 -0.05 0.38 29 0.55** 0.29 0.81 6 1.05* 0.15 1.94

Sex Male 65 0.10 -0.08 0.31 0.01 30 0.45** 0.21 0.69 2.83
Female 29 0.15 -0.18 0.39 15 0.82** 0.46 1.17

Diet Normal 81 0.10 -0.07 0.27 0.15 32 0.50** 0.26 0.73 1.29 7 0.70 -0.06 1.45 0.94
Obesogenic 13 0.19 -0.26 0.64 13 0.76** 0.37 1.16 5 1.30** 0.35 2.24

Life stage Adult-adult 32 0.08 -0.19 0.35 0.16 12 0.50* 0.10 0.89 1.66 5 0.58 -0.27 1.43 3.92
Young-adult 41 0.15 -0.10 0.39 20 0.70** 0.41 1.00 6 0.98* 0.14 1.81
Young-young 21 0.09 -0.25 0.43 13 0.40* 0.01 0.79 1 3.08* 0.75 5.41

Table 2. Effect sizes for body weight, food intake and white adipose tissue mass by moderator variables 
in the meta-analysis
* p <0.05, ** p < 0.01,
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Rats 51 0.16 -0.05 0.38 29 0.55** 0.29 0.81 6 1.05* 0.15 1.94

Sex Male 65 0.10 -0.08 0.31 0.01 30 0.45** 0.21 0.69 2.83
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in the meta-analysis
* p <0.05, ** p < 0.01,



128 | Chapter five

Figure 2. Bubble plot of body weight meta-regression analysis for the full data set. Effect sizes (Hedges’g, 
n = 98) represent differences in body weight between individually and socially housed animals, plotted 
against the number of animals per cage in the socially housed groups. Positive effect size indicates that 
individually housed animals had higher body weight than socially housed animals, negative effect size 
indicates the reverse. The size of bubbles (indicated by volume) represents the precision of Hedges’ 
g estimate; large bubbles are most precise.  The line in the plot represents the slope of the relation 
between number of the animals in the cage and the Hedges’ g effects size. 

Figure 3. Bubble plot of food intake meta-regression analysis. Effect sizes (Hedges’g, n = 45) represent 
the differences in food intake between individually and socially housed animals, plotted against the 
number of animals per cage in the socially housed groups. Positive effect size indicates that individually 
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housed animals had higher food intake than socially housed animals, negative effect size indicates the 
reverse. The size of bubbles (indicated by volume) represents the precision of Hedges’ g estimate; 
large bubbles are most precise. The line in the plot represents the slope of the relation between 
number of the animals in the cage and the Hedges’ g effects size.

Figure 4. Risk of bias for body weight measure reported in 71 included articles. The quality and risk of 
bias of body weight data in the included studies were independently assessed by two reviewers using 
a modified version of the Systematic Review Center for Laboratory Animal Experimentation (SYRCLE) 
risk of bias tool. “High” indicates that there was clear indication of potential bias. “Low” indicates 
that the risk of bias was minimal. “Unclear” indicates that the risk of bias could not be judged due to 
incomplete reporting.

Discussion

We have systematically collated, evaluated and analyzed the available rodent studies on 
effects of individual versus social housing on body weight, food intake, and visceral fat mass, 
for rats and mice living under well-accepted and commonly used laboratory conditions. 
Analysis of the included 94 matched groups revealed that housing condition had no overall 
effect on body weight. Alterations in body weight by individual housing were not universally 
observed in our stratification of the meta-analysis; in a subset that reported food intake, 
individual housing was correlated with an increase in food intake and an increase in body 
weight.  Further subdivision of this group revealed that food intake was significantly 
increased in individually housed animals in those studies that reported a positive and those 
that reported an equal or negative effect size for body weight.  Studies that reported visceral 
adiposity demonstrated that individual housing strongly increased visceral adiposity without 
an associated increase in body weight.  The independence of body weight and food intake 
or visceral adiposity was underlined by the fact that their effect sizes were unrelated. The 
differences in outcomes of the overall and subset analysis for bodyweight may be the result 
of differences in maximal cage density i.e., there is the risk of potential crowding risk in 
studies using high cage density, which may have confounded the observed results. However, 
collectively, these data suggest that individual housing occasionally increases body weight, 
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but increases in food intake and visceral adiposity, that are independent of changes in body 
weight, are a consistent consequence of individual housing.
To the best of our knowledge, this is the first systematic review and meta-analysis to compare 
the effects of individual and social housing conditions on mice and rat body weight, food 
intake and visceral adiposity. Several reviews have assessed the effects of rearing rodents 
in social isolation on brain development and function, and the use of social isolation as a 
model for neuropsychiatric disease, e.g. (21, 22). Although these reviews were aimed at 
evaluating behavioral phenotypes rather than metabolic health, they did report that social 
isolation did not alter body weight (22) and resulted in higher food intake (21), which is in 
line with our analysis. Higher body weight due to individual housing have been reported in 
a few studies evaluating large datasets comprising multiple studies conducted over several 
years (108-112). However, these studies did not control for individual studies introducing 
potential statistical bias (112), or for additional differences between individual and socially 
housed groups in terms of treatments, research facilities, experimental design, cage material 
and food presentation (108-111), all of which are known to affect body weight in rats and 
mice (113).

Effects of experimental factors

There was high heterogeneity for body weight and moderate to high heterogeneity for food 
intake and visceral fat mass as the experimental designs of the included studies showed 
considerable variation in terms of species, sex and dietary background. We included both 
rats and mice in our analysis. Yet, although species differences in response to stress (114, 
115) and metabolic challenges (116, 117) have been reported, we found no influence of 
species on the effects of individual housing on body weight, food intake or visceral fat 
mass. Similarly, while some evidence suggests sex specific differences in the responses to 
metabolic challenges (118, 119) and hypothalamic-pituitary-adrenal (HPA) axis activation 
in response to social isolation (120, 121), the results of our meta-analysis did not confirm 
that sex contributed significantly to the effects of housing on body weight, food intake or 
visceral fat mass. We included studies in our analysis that used high fat diets or high sugar 
diets to induce metabolic disturbances and hypothesized that individual housing on this 
dietary background could induce stronger changes in metabolic phenotype, but did not 
detect such effects in the moderator analysis. Nevertheless, there are studies showing that 
mice exposed to individual housing for four weeks experienced substantially greater weight 
gain when fed a high fat diet compared to normal chow fed controls (44). Yet overall, our 
moderator analyses did not detect any contribution of species, sex or diet to the observed 
heterogeneity.
The inclusion of studies using a high cage density for socially housed groups may have 
confounded the observed effects of individual versus social housing on body weight. A 
number of studies comparing housing densities have reported population-dependent effects 
on body weight gain, with animals from higher density cages gaining less weight (31, 69, 
81, 96, 107). In contrast, however, social overcrowding of rodents has been proposed as a 
model for obesity and metabolic dysfunction (122). Inclusion of crowding in our dataset may 
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explain the inverse (or, after removal of one study (58), lack of) relationship we observed 
between cage density and body weight. We were unable to identify crowding in the included 
articles, unless specified by the authors, also because a clear definition for crowding does not 
exist and details about cage size/surface area per animal were rarely reported. Moreover, 
optimal population density for rodents depends on many factors, including procedures, 
strain, sex, age, familiarity of the animals and previous social experience (123). Comparing 
effects of different forms of social housing on body weight or metabolic health parameters 
was beyond the scope of this review, but it remains an interesting angle to be investigated.

Other experimental/environmental factors and outcome variability

Other experimental/environmental factors potentially increased the variability in reported 
outcomes but could not be included in the meta-analysis due to incomplete reporting. 
Ambient temperature modulates food intake and thermoregulation in mice, and has 
been reported to interact with cage density (124). In addition, cage materials and other 
inanimate environmental factors such as cage size, shelter and enrichment objects can 
influence the temperature within the cage (125). These factors affect many other aspects of 
rodent behavior and physiology, including the level of anxiety and stress (126-128), home 
cage activity (129), body weight (130), energy expenditure, adiposity and the browning of 
white adipose tissue (131); indeed, some have been shown to interact with the effects of 
individual housing on these outcomes (45, 59, 100, 107). However, many studies did not 
report ambient temperature, and/cage size, materials and (enrichment) objects and hence 
could not be used as a variable.
The effects of physical activity are also important in the interpretation and applicability 
of our findings. For instance, studies in which individually housed animals had access to a 
running wheel were excluded from the review, because running wheel activity may alter 
the outcome of housing on energy balance and metabolic health. Indeed, physical activity 
requires energy and is integral in the regulation of body weight (132). Although reduced 
levels of home cage activity in individually housed animals might be expected, due to a lack 
of interaction with cage mates (133), studies report higher levels of activity during behavioral 
tests in individually housed animals (66, 75, 82, 134, 135). Yet, home cage activity may not 
be comparable to activity during testing conditions in a novel environment. The evidence for 
increased home cage activity in individually housed animals is more limited (47).
We did not include or exclude articles based on inanimate environmental conditions (except 
exercise paradigms) since detailed information was often not reported. The frequency/
intensity of animal handling (routine or experimental) may also influence metabolic 
health and potentially interact with housing conditions (43, 77, 94, 135, 136) but, again, 
detailed information was mostly lacking. In addition, whilst we excluded data obtained from 
mutants and strains with specific metabolic deficits (39, 137), we did not correct for genetic 
background (e.g., strain). Some variability in weight gain would be expected based on strain-
dependent susceptibility to stress (138, 139) or diet induced obesity (140-142), however, 
there was no evidence for strain-specific effects in the two included studies that compared 
multiple rodent strains (74, 103).
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A hierarchical relationship exists between rodents living in the same cage (143), and 
subordinate and dominant animals can show contrasting patterns in weight gain, food 
intake and adiposity (11, 44, 144). We excluded studies that deliberately induced a social 
hierarchy within socially housed groups e.g., chronic social stress or social defeat models, 
but social status was not specifically tested in the included articles. It is likely though that 
social dynamics may have increased variance in outcomes. Indeed, higher variation in body 
composition was observed in socially housed compared to individually housed animals (33) 
and a dominant/subordinate relationship has been shown to be  reflected in higher adrenal 
weights in subordinate animals (67).
The level of perceived isolation during individual housing can be influenced by prior exposure 
to different social contexts and the degree of visual, auditory or olfactory interaction 
between animals, which is in turn dependent on cage design, cage material and placement 
of the cage in the room. Some of the studies indicated that the caging system allowed some 
degree of visual, auditory or olfactory interaction between “isolated” animals (66, 68, 71, 
73, 82, 87). These housing systems may result in lower levels of stress compared to true 
isolation (145-147). Of the included studies, only two applied true social isolation by placing 
cages within polystyrene boxes (91, 95). Most studies provided no details as to what extent 
social contact between isolated animals was possible. Improved reporting of such housing 
details are necessary to understand the impact of visual, auditory and olfactory cues on 
observed differences between individual and socially housed animals.

Effects of life stage

The second aim of this review was to determine whether the age at which mice and rats 
experience isolation housing would influence their body weight, food intake and visceral 
fat mass at a later stage. We report that effect sizes were higher in the young – adult age 
life stage compared to the young – young (for body weight and food intake) and adult – 
adult (for body weight, food intake and visceral fat mass) stages, although the differences 
between life stages did not reach statistical significance.
In rodents, adolescence (from weaning until sexual maturation), is a period of vulnerability 
to isolation stress, which can lead to anxiety and cognitive dysfunction (148). Some of the 
neurobiological and endocrine systems affected are also involved in controlling food intake 
(e.g. hypothalamus, amygdala (30, 149)) and these systems continue to mature in the post-
weaning period (150, 151). Adolescence is a period of fast lean body growth (26, 27) and 
adipose tissue maturation (152-154), which is linked to increased energy requirements 
and can be influenced by glucocorticoids (155). Consequently, adolescence is a period of 
increased vulnerability to changes in energy distribution and stress, challenging the maturing 
metabolic system resulting in programming of later life metabolic health. In general, animals 
in the young – adult life stage experienced the longest exposure to individual housing, but 
regression analysis to assess duration of individual housing as a modulator showed no such 
relationship.
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Proposed mechanisms by which individual housing affects energy balance and metabolic 
health

Several mechanisms can be proposed to contribute to increased food intake and visceral fat 
deposition in individually housed compared to socially housed animals. Rats and mice are 
social species that minimize energy expenditure by sharing body heat; individual housing 
increases their energy costs. As changes in body weight are the result of imbalances 
between energy intake and energy expenditure, group differences in energy intake without 
differences in body weight, must be due to changes in energy expenditure (assuming 
that absorption is not affected by housing condition). Thus, the increased energy intake 
that we report in individually housed animals is likely necessary to support the demands 
of increased thermogenesis (7, 8). The debate regarding this phenomenon has increased 
over recent years (see e.g. (36, 156)) and some studies indeed report increases in brown 
adipose tissue (BAT) stores and thermogenic capacity and activity in individually housed 
rodents, which may also depend on the ambient temperature (31, 42, 157). A study by 
Himms-Hagen and Villemure showed that even at 28 degrees Celcsius (i.e., which is close 
to thermoneutrality for the mouse), the occurrence of social thermoregulation (huddling) 
reduces the requirement for BAT thermogenesis and results in a reduction in its thermogenic 
capacity(31, 42, 157). The BAT is able to increase thermogenesis in response to cold stress 
through activation of uncoupling protein 1 (UCP-1), which is mediated via activation of the 
sympathetic nervous system (158). In addition, cold stress may induce feelings of hunger, 
leading to initiation of feeding behavior to fuel cold-induced BAT thermogenesis (159) and 
stimulation of diet-induced thermogenesis (160). Visceral adipose tissue can also undergo 
“browning” as a response to cold, and engage UCP-1 activity (161). As physical activity also 
increases body temperature, the increased activity level of individually housed animals has 
also been proposed to be a compensatory mechanism to generate body heat in the absence 
of social thermoregulation (68).
Individual housing can also induce chronic emotional stress (13, 162). Remodeling of brain 
neural circuitry, combined with hormones released in response to isolation stress, may affect 
the neurobiological control of motivational and hedonic aspects of food intake (163, 164) 
as well as impaired homeostatic regulation of energy balance, leading to leptin resistance, 
hyperphagia and increased (visceral) adiposity (15, 16, 30, 165, 166). In addition, stress-
induced activation of the HPA axis and alterations in glucocorticoid functioning can affect 
the brain-adipose axis, resulting in increased visceral fat storage (17, 18, 155, 167). Indeed, 
individual housing has been found to disrupt plasma glycemic and lipid profiles (83, 84, 
92, 137), adipocyte morphology and hepatic/adipocyte gene expression profiles involved in 
lipid metabolism (40, 42, 91), even in the absence of concurrent changes in body weight. In 
turn, increased fatty acid overflow from the visceral depot towards the liver stimulates the 
sympatho-adrenal system and the HPA axis (168), which can ignite a vicious circle, worsening 
metabolic syndrome characteristics (169).
Although the here reported effects of individual housing on increased food intake and 
visceral adiposity independent of body weight came from different stratifications within 
the initial data set, it is tempting to speculate that these phenomena can actually take place 
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within the same animal. The question remains whether, and to what extent, individually 
housed animals with increased visceral fat deposition largely engage BAT thermogenesis 
or even browning of visceral fat. Increased ectopic expression of UCP-1 in visceral depots 
reduces visceral adiposity (170), which is in contrast to what we report. Adverse health 
consequences of visceral adiposity are insulin resistance and inflammatory activation, which 
can impair cardiometabolic health (171).  It has been suggested in the human literature 
that adverse health consequences of obesity are metabolically costly and could increase 
basal metabolic rate (BMR) (172-174). An increase in BMR would increase heat production 
independent of physical activity, thermic effects of food, and adaptive thermogenesis 
through UCP1 activation.  Such a mechanism may also have contributed to the finding by 
the group of van Marken-Lichtenbelt (175) showing that obese humans rely less on BAT 
activation to maintain core temperature than lean individuals. Obese and metabolically 
deranged individuals might engage in BAT activation in more extreme cold gradients, when 
BMR buffering becomes insufficient. Insufficient BMR-mediated thermogenesis may also be 
the case in rodents that live solitarily and thus lack social thermoregulation and are exposed 
to more extreme cold (as is suggested by the work of Jennings et al. (31)). Methodologies 
used to study the different components of energy expenditure and body temperature 
regulation in individually housed animals, such as those employed in (176-178) should be 
validated for use in group-housed animals to reconcile the behavioral energetics of housing 
conditions in rodents at sub-euthermic temperatures.
Some of the proposed mechanisms underlying visceral adiposity and thermoregulatory 
control that may play a role in the effects of individual housing are depicted in Figure 5. 
The thermoregulatory control itself may differ extensively between obese and non-obese 
animals (179), which would obviously complicate this picture further, and is considered 
beyond the scope of this review.
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Figure 5. Proposed mechanisms on how (chronic) individual housing may affect energy balance 
and visceral adiposity.  At standard room temperature, individual housing induces a combination of 
emotional stress and cold. Chronic emotional stress (solid lines) induces changes in neuroendocrine 
activity, including activation of the hypothalamo-pituitary-adrenal (HPA) and changes in regulation 
of energy balance (among others leading to leptin resistance, lowered satiety, altered reward 
pathways) which collectively lead to visceral adiposity. This is a risk factor for causing deterioration 
of cardiometabolic health. The lack of social thermoregulation induces cold stress (dashed lines), 
which activates the sympathetic nervous system (SNS), leading among others to brown-adipose 
tissue (BAT) thermogenesis. In addition, visceral adiposity itself may undergo browning, which would 
counter visceral adiposity. Cold stress also stimulates food intake (hunger), which (together with the 
increased emotional stress-induced food intake) contributes to diet-induced thermogenesis.  Finally, 
the cardiometabolic derangements are in itself energy-consuming processes, which are proposed to 
stimulate basal metabolic rate. Collectively, these mechanism all contribute to increased production 
of body heat, which compensates the increased lack of social thermoregulation and fall of body 
temperature.These processes may occur even without changes in body weight. Contributions of 
spontaneous activity are not clear, and may depend on experimental paradigm.



136 | Chapter five

Limitations

Our initial screening criteria resulted in the inclusion of articles that mentioned body weight 
in the title/abstract. Thus, we did not include articles that may have reported body weight or 
other metabolic health measure in the full text only. This was an important compromise that 
was necessary to secure feasibility of the review-process; however, studies mentioning body 
weight in the title/abstract are likely to be those that evaluated metabolic health outcomes 
as a main aim of the study, which will have contributed to publication bias in our dataset. 
The use of the standardized effect size Hedges’ g allows for inclusion of data reported in 
different units (e.g., absolute body weight or relative body weight gain). However, it cannot 
correct for cases in which discrepancies exists between absolute and relative values, such as 
differences in body weight at the start of a study. In most studies, authors reported either 
absolute or body weight gain at the end of the experiment, yet body weight at the start of 
the intervention was not reported.

Recommendations for future research

Based on the current review and meta-analysis, we propose four recommendations 
for future studies. First, unless as a primary experimental manipulation, changes in 
social housing conditions within an experiment should be avoided. Switching animals 
(temporarily) from social to individual housing for the purpose of data collection should 
be applied with care, taking into account short term and long term metabolic changes. 
Second, whilst standardization of cage and environmental conditions would be ideal, a 
less challenging goal would be to improve reporting of environmental and experimental 
conditions and basic experimental data e.g., following Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines (180) to allow replication of results and reduce impact of 
confounding factors. Third, experiments designed to understand the influence of life stage 
on the metabolic consequences of individual housing are needed. There are currently only 
few studies that directly compare the metabolic phenotypes following individual housing 
during adolescence and adulthood. Fourth, more mechanistic studies, which investigate 
how individual housing affects energy balance regulation and metabolic phenotype, are 
urgently required.
The findings presented in this review are relevant for obesity and metabolic (programming) 
research using rodents. In humans, the prevalence of obesity, metabolic syndrome and 
related non-communicable diseases has increased to epidemic proportions in industrialized 
societies (181, 182). While our analysis indicates that individual housing in mice and rats 
could be considered as a model for obesity or metabolic programming, the basis for the 
metabolic phenotype induced by individual housing in rodents differs considerably from that 
in the human situation. Consequently, pharmaceutical, nutritional or other interventions 
designed to repair or rescue metabolic health may be influenced by the chosen housing 
situation. Moreover, interventions in individually housed animals may not be directly 
translatable or comparable to effects of similar interventions in socially housed animals. 
Data collected during the temporary individual housing of an animal cannot be used to 
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explain the metabolic phenotype established in a preceding period in which animals were 
socially housed. Indeed, the same considerations may apply to other experimental outcomes 
sensitive to changes in metabolic health status such as behavior and cognition. The use of 
different social housing paradigms may help explain some of the variation reported in these 
outcomes. These considerations are of particular importance when evaluating efficacy of 
drugs, diet or other interventions on metabolic health or other outcomes. This includes 
(systematic) reviews; housing conditions are seldom taken into account as a possible 
moderator and confounder

Conclusion

In summary, the results of this systematic review support the understanding that individual 
housing of laboratory rats and mice influences energy balance regulation and metabolic 
health, with visceral adiposity and increased food intake as key features, which we 
hypothesize to be connected to increased thermogenesis and emotional stress. The results 
show considerable heterogeneity that could not be explained by species, sex or diet, which 
is likely caused by high variation in environmental and experimental factors. To minimize 
housing condition-dependent variation in study outcomes, quality of future studies may 
be improved by standardization and more detailed reporting of such factors, in order to 
facilitate interpretation and allow between-study comparisons. The influence of life stage 
on long term metabolic health as a result of individual housing could not be substantiated by 
the current meta-analysis; future studies should focus on age specificity and the underlying 
mechanisms involved in individual housing-induced metabolic changes described here. 
Finally, programmed metabolic disturbances will contribute to interpretation of outcomes 
of any study investigating effects of drugs, diets or other interventions where individual 
housing is applied, and should be taken into account when designing and describing such 
studies.
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Figure S1. Forest plot of effect of individual housing on body weight, n=94 effect sizes. M, male; F, 
female; HFD, high fat diet; HSD, high sugar diet; CI, confidence interval
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Figure S2. Forest plot of effect of individual housing on food intake, n=45 effect sizes. M, male; F, 
female; HFD, high fat diet; HSD, high sugar diet; CI, confidence interval
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Figure S3. Forest plot of effect of individual housing on fat mass, n=12 effect sizes. HFD, high fat diet; 
WATv, visceral White Adipose Tissue; CI, confidence interval
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Figure S4. Forest plot of effect of individual housing on body weight (in groups also reporting food 
intake), n= 45 effect sizes. M, male; F, female; HFD, high fat diet; HSD, high sugar diet; CI, confidence 
interval
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