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High-Dose Oral Amoxicillin Plus Probenecid Is
Highly Effective for Syphilis in Patients With
HIV Infection

Ryutaro Tanizaki,' Takeshi Nishijima,"? Takahiro Aoki,! Katsuji Teruya,' Yoshimi Kikuchi,' Shinichi Oka,"? and
Hiroyuki Gatanaga'?
'AIDS Clinical Center, National Center for Global Health and Medicine, Tokyo, and 2Center for AIDS Research, Kumamoto University, Japan

Background. Intramuscular benzathine penicillin G (BPG) is widely used for the treatment of syphilis. However,
BPG is not available in some countries. This study examined the effectiveness and safety of high-dose oral amoxi-
cillin plus probenecid for the treatment of syphilis in patients with human immunodeficiency virus type 1 (HIV-1).

Methods. This retrospective observational study included 286 HIV-infected male patients with syphilis (median
age, 36 years; median CD4 count, 389 cells/pL) who were treated with oral amoxicillin 3 g plus probenecid. Syphilis
was diagnosed by both serum rapid plasma reagin (RPR) titers >8 and positive Treponema pallidum hemagglutina-
tion test. Patients with neurosyphilis diagnosed by cerebrospinal fluid examination were excluded. Successful treat-
ment was defined as a at least 4-fold decrement in RPR titer.

Results. The overall treatment efficacy was 95.5% (95% confidence interval [CI], 92.4%-97.7%; 273/286 pa-
tients), and efficacy for primary, secondary, early latent, late Jatent, and unknown duration syphilis was 93.8%
(95% CI, 68.1%-99.8%; 15/16), 97.3% (95% CL, 92.9%-99.2%; 142/146), 100% (95% CI, 90.5%-100%; 37/37),
85.7% (95% CI, 58.6%-96.4%; 18/21), and 92.4% (95% CI, 81.9%-97.3%; 61/66), respectively. Treatment duration
was mostly 14-16 days (49.7%) or 28-30 days (34.3%), with efficacy of 94.4% (134/142) and 95.9% (94/98), respec-
tively; 96.3% of successfully treated patients achieved a >4-fold decrement in RPR titer within 12 months. Adverse
events were noted in 28 (9.8%) patients, and 25 of these (89.3%) were successfully treated. Only 6% of patients un-
derwent lumbar puncture.

Conclusions. The combination of oral amoxicillin 3 g plus probenecid was highly effective and tolerable for the
treatment of syphilis in patients with HIV-1 infection.

Keywords.

syphilis; amoxicillin; HIV; MSM; treatment.

Syphilis is a common sexually transmitted infection
caused by Treponema pallidum, and in recent years,
an increase in the number of cases with syphilis has
been reported among men who have sex with men
(MSM), particularly among those with human immu-
nodeficiency virus type 1 (HIV-1) infection in re-
source-rich settings [1, 2]. A recent study of syphilis
[3] in HIV-1-infected men, comprised mostly of MSM,
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showed that syphilis is associated with an increase in
HIV-1 RNA load and with a small decrement in CD4
cell count, suggesting that syphilis may increase a risk
of HIV-1 transmission. Furthermore, progression to
neurosyphilis may be faster in HIV-1-infected patients
than patients without HIV-1 infection [4-6],and HIV-
1 infection may exacerbate the clinical symptoms of
neurosyphilis [7]. For the above-mentioned reasons,
early diagnosis and treatment of syphilis are important
in HIV-infected patients.

One-shot intramuscular benzathine penicillin G
(BPG) injection is widely used for the treatment of pri-
mary, secondary, and early latent syphilis based on its
high efficacy and convenience [8-10]; however, intra-
muscular injection is painful and, for the treatment of
late latent syphilis and syphilis of unknown duration,
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3 injections at 1-week intervals (3 hospital visits in total) is re-
quired. BPG is not available in some countries, including Japan
[11,12], and oral amoxicillin plus probenecid has been used as
an alternative for BPG in the treatment of syphilis.

However, there is no evidence available on the efficacy and
safety of oral amoxicillin plus probenecid for the treatment of
syphilis; the only available evidence is from pharmacokinetic
studies published in the 1970s-1980s [13, 14].

We investigated the efficacy and safety of high-dose oral
amoxicillin (3 g) plus probenecid for the treatment of syphilis
(excluding neurosyphilis) in patients with HIV-1 infection in
an observational setting.

METHODS

Patients and Study Design

‘We conducted a retrospective cohort study of HIV-1-infected pa-
tients with syphilis to investigate the efficacy and safety of oral
amoxicillin plus probenecid for the treatment of syphilis at the
AIDS Clinical Center, National Center for Global Health and
Medicine (NCGM), Tokyo, Japan. The enrollment criteria were
HIV-1-infected patients who were diagnosed with syphilis and
started treatment with 3 g oral amoxicillin plus probenecid at our
center between January 2000 and June 2014. We included all pa-
tients treated with the combination of 3 g amoxicillin and proben-
ecid, irrespective of the dose of the latter. The diagnosis of syphilis
was based on both serum rapid plasma regain (RPR) titers >8 and
positive T. pallidum hemagglutination (TPHA) result [15]. The
following exclusion criteria were applied: (1) lack of follow-up
tests, (2) patients with neurosyphilis diagnosed based on the find-
ings of cerebrospinal fluid (CSF) [16], or ocular or auditory syph-
ilis, (3) patients who started treatment with antibiotics other than
3 g amoxicillin plus probenecid, (4) patients with clinical symp-
toms compatible with primary or secondary syphilis but RPR
titers <8, (5) patients suspected of reinfection after initiation of
syphilis treatment (>4-fold rise in RPR titer after 4-fold decre-
ment with or without symptoms) [15, 17].

Data Collection

Data on the following parameters were collected at the time of
treatment of syphilis: stage of syphilis infection, age, sex, race,
route of HIV-1 infection, antiretroviral therapy (ART) use, histo-
ry of syphilis treatment, status of hepatitis B and C infection, RPR
titer, CD4 count, and HIV-1 RNA load. The stage of syphilis was
classified into early syphilis (including primary, secondary, and
early latent syphilis) and late syphilis (including late latent syph-
ilis and syphilis of unknown duration) [8, 9]. Early latent syphilis
was defined as asymptomatic syphilis that was confirmed to be
infected within a year from the day of diagnosis, and late latent
syphilis was defined as asymptomatic syphilis confirmed to be in-
fected more than a year before diagnosis [8, 9]. Syphilis with

unknown duration was defined as asymptomatic syphilis that
could not be classified into either early latent or late latent syph-
ilis [8, 9]. The methods of amoxicillin and probenecid adminis-
tration, treatment duration, treatment efficacy, adverse events
during treatment, and changes to doxycycline from amoxicillin
were also collected from the medical records. Among the adverse
events, the presence of fever and/or acute exacerbation of macu-
lopapular skin rash within 24 hours of administration of amox-
icillin was defined as Jarisch-Herxheimer reaction for syphilis
and was not regarded as drug-related adverse events [18].

Successful treatment of syphilis was defined as at least 4-fold
decrement in RPR titer within 24 months after initiation of
treatment. Follow-up serum RPR titer was examined at the dis-
cretion of the attending physician. Because at our clinic, written
informed consent was obtained from each patient to store
serum samples at the first and subsequent visits [19], the RPR
data based on stored samples were also used to supplement
the RPR data from daily clinical practice order to deter-
mine treatment response and the syphilis staging. RPR Test
“Sankoh” (EIDIA Co, Ltd, Tokyo, Japan) was used for the mea-
surement of RPR titer both in clinical practice and with stored
samples.

Patients visited our clinic at least once every 3 months for
monitoring and prescription, as the prescription period under
the Japanese healthcare system is limited to 3 months [20].
The study was approved by the Human Research Ethics Com-
mittee of NCGM, and was conducted according to the princi-
ples expressed in the Declaration of Helsinki.

Statistical Analysis

The study patients were classified according to the results of the
combination treatment into the success group (patients with
successful treatment of syphilis) and failure group (failure of
treatment). The baseline characteristics were compared between
the 2 groups using the Student  test or ) test (Fisher exact test
when appropriate) for continuous or categorical variables, re-
spectively. To estimate risk factors for treatment failure, univar-
iate logistic regression model was constructed. Because the
number of patients in the failure group was small (n=13) in
this study, the multivariate analysis was not performed. Statis-
tical significance was defined as 2-sided P values <.05. We used
odds ratios (ORs) with 95% confidence intervals (Cls) for logis-
tic regression analysis. All statistical analyses were performed
with Stata 11 (Stata Corp, College Station, Texas).

RESULTS

During the study period, 403 HIV-1-infected patients were di-
agnosed with syphilis. One hundred seventeen patients were ex-
cluded from the study based on the inclusion and exclusion
criteria set for this study (Figure 1), and data of the remaining

2 & CID e Tanizaki et al

159



HIV-1-infected patients diagnosed with syphilis 286 patients were analyzed. All study patients were men with a
from January 2000 to June 2014 median age of 36 years (interquartile range [IQR], 30-42 years).
n=403 They were mostly Asians who were infected with HIV-1

—— - through homosexual contact. The median CD4 count was 389
XCiu =
cells/pL (IQR, 276-538 cells/pL), ART had been started in 156
Treated with intravencus penicilin G (n=48) (54.5%) patients, and 170 patients (59.4%) had a history of
Treated with intravenous ceftriaxone (n=2) . N . .
Treated with doxycycline (n=29) syphilis treatment. Primary syphilis, secondary syphilis, early la-
Treated with amoxicillin with doses otherthan 3g  (n=17) tent syphilis, late latent syphilis, and syphilis with unknown du-
Symptomatic ?Y'Philis f”“h RPR <8 (n=1) ration were diagnosed in 16 (5.6%), 146 (51.0%), 37 (12.9%), 21
Remfectgd with Syp hilis after amoxicilin treatment.  (n=7) (7.3%), and 66 (23.1%) patients, respectively. Furthermore, 199
No follow-up available (n=13)
(69.6%) patients were categorized with early syphilis, which in-
Included in the analysis n=286 cluded primary, secondary, and early latent syphilis, and 87
Patients with successful treatment (n=273) (30.4%) with late syphilis, which included late latent syphilis
Patients with treatment failure (n=13) and syphilis of unknown duration.
Treatment with 3 g oral amoxicillin and probenecid de-
Figure 1. Patient enrollment process. Abbreviations: HIV-1, human im- ~ creased RPR titer by 4-fold and was thus regarded successful
munodeficiency virus type 1; RPR, rapid plasma reagin. in 273 (95.5% [95% CI, 92.4%-97.7%]) patients (success

Table 1. Baseline Characteristics of the Study Patients

All Patients Patients With Successful Patients With
Characteristic (N =286) Treatment (n=273) Treatment Failure (n = 13) P Value

Heterosexual 7 (2.4) 6 (2.2) 1(7.7)

Unknown 2 (0.7) 2(0.7) 0(0)

Secondary 146 (51.0) 142 (52.0) 4 (30.8)

Late syphilis 87 (30.4) 79 (28.9) 8 (61.5)

Unknown duration 66 (23.1) 61 (22.3) 5 (38.5)

Positive HCV antibody 5{1.7) 5(1.8) 0 (0)

Data are presented as No. (%) unless otherwise specified.

Abbreviations: ART, antiretroviral therapy; HBsAg, hepatitis B surface antigen; HCV, hepatitis C; HIV-1, human immunodeficiency virus type 1; RPR, rapid plasma
regain.

2 Median (interquartile range).

° By 2 x 2 table for early syphilis vs late syphilis and by Fisher exact test for successful treatment vs treatment failure.
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group). Among 13 patients with treatment failure (failure
group), none showed any evidence of clinical failure. The base-
line HIV-1 load was lower in the success group than the failure
group, whereas the baseline CD4 count was higher in the suc-
cess group. Lumbar puncture for the examination of CSF was
performed before treatment initiation in only 17 (5.9%) pa-
tients, including 13 patients with late syphilis, and neurosyphilis
was ruled out in all 17 patients based on negative TPHA in the
CSF [16]. The treatment efficacy of primary, secondary, early
latent, late latent, and unknown duration syphilis was 93.8%
(95% CI, 68.1%-99.8%; 15/16 patients), 97.3% (95% CI,
92.9%-99.2%; 142/146), 100% (95% CI, 90.5%-100%; 37/37),
85.7% (95% CI, 58.6%-96.4%; 18/21), and 92.4% (95%
CI, 81.9%-97.3%; 61/66), respectively (Table 1). Also, the treat-
ment efficacy for early syphilis (including primary, secondary,
and early latent syphilis) and late syphilis (including late latent
syphilis and syphilis of unknown duration) was 97.5% (95% CI,
94.1%-99.2%) and 90.8% (95% CI, 82.6%-96.4%), respectively.
Treatment duration was mostly 14-16 days (49.7%) or 28-30
days (34.3%), with 94.4% (134/142) and 95.9% (94/98) efficacy,
respectively. Among patients with early syphilis, treatment effi-
cacy did not differ between the 2-week treatment and 4-week

treatment (105 of 107 [98.1%] vs 109 of 113 [96.5%]; P= .49
by Fisher exact test). However, among patients with late syphilis,
treatment efficacy tended to be lower among patients treated for
2 weeks than those treated for 4 weeks, although the difference
was not statistically significant (29 of 35 [82.9%] vs 34 of 36
[94.4%]; P = .15). The frequency of oral amoxicillin administra-
tion was mainly 3 times a day (80.8%) with 96.1% (222/231) ef-

~ ficacy. The dosage of probenecid was 0.75 g/day in the majority

of patients (60.1%), 1.0 g/day (23.4%), and 1.5 g/day (13.3%),
with success rate of 96.5% (166/172), 92.5% (62/67), and
94.7% (36/38), respectively (Table 2). For patients with success-
ful treatment, the median time for the documentation of >4-
fold decrement in RPR titer after treatment was 4 months
(IQR, 3-6 months), and 96.3% of the success group achieved
the >4-fold decrease in RPR titers within 12 months (Figure 2).
The median number of follow-up RPRs for the success group
and the failure group was 1 (IQR, 1-2) and 4 (IQR, 2-6), respec-
tively, and follow-up RPRs were more frequently measured for
the failure group than for the success group (P <.001).
Adverse events related to treatment of syphilis were recorded
in 28 (9.8%) patients, with skin rash being the most common
symptom (n =21), followed by fever (n=9), diarrhea (n=2),

Table 2. Frequency of Amoxicillin Administration, Probenecid Dosing, Treatment Duration, and Variables Related to Adverse Events

All Patients Early Syphilis

(n=199)

Variable

26 (13.7)

4 times daily

Late Syphilis
(n=87)

Patients With Treatment P
Failure (n=13) Value*

Successfully Treated
Patients (n =273)

40 (14.7)

Twice daily 8 (4.0)

11 (4.0} 0(0)

1.5g/d 26 (13.7)

36 (13.2)

0.75 g/d 119 (59.8)

166 (60.8) 6 (46.2) 693°

0.25 g/d

Switched to doxycyclin

2(164) 246

Data are presented as No. (%) unless otherwise specified.
Abbreviation: IQR, interquartile range.

@ By use of 3 x 2 table, Fisher exact test.

b By use of 5 x 2 table, Fisher exact test.

¢ By use of 5 x 2 table, Fisher exact test.

* For comparison of patients with successful treatment and those with treatment failure.
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Figure 2. Time until 4-fold decrement in rapid plasma reagin (RPR) titer
after initiation of syphilis treatment for successfully treated patients. The
median time until >4-fold decrement in RPR titer was 4 months (interquar-
tile range, 3-6 months). The >4-fold decrement in RPR titer within 12
months was accomplished in 96.3% of the patients. The number and pro-
portion of patients with >4-fold decrement in RPR ftiter at 1-3, 46, 7-9,
10-12, and 13-24 months after treatment initiation were 127 (46.5%), 79
{28.9%), 24 (8.8%), 33 (12.1%), and 10 (3.7%), respectively.

and elevated liver enzymes (n = 1). Furthermore, 5 patients pre-
sented with both rash and fever. Analysis of the medical records
showed that treatment with amoxicillin was changed to doxycy-
cline in 21 (75%) patients due to the side effects. Despite the
adverse events, treatment was considered successful in 25 of
the 28 (89.3%) patients. Among the 7 patients who showed ad-
verse events but did not change amoxicillin to doxycycline,
treatment was successful in 6, although amoxicillin was admin-
istered for the median of only 10 days (IQR, 10-18 days). None
of the patients discontinued amoxicillin due to Jarisch-Herx-
heimer reaction.

Logistic regression analysis was performed to identify the risk
factors associated with treatment failure. Univariate analysis
demonstrated that late syphilis (OR, 3.9 [95% CI, 1.25-12.4];
P =.019) and high HIV-1 load (per 1log;, copies/mL: OR,
1.5 [95% CI, 1.03-2.26]; P =.033) before treatment were associ-
ated with treatment failure (Table 3). On the other hand, older
age was associated with successful treatment (per 1 year: OR,
0.9 [95% CI, .84-.99]; P=.025), and higher CD4 count was
also marginally associated (per 1 cell/pL: OR, 1.0 [95% CI,
.99-1.00]; P=.053).

DISCUSSION

The present study investigated the treatment efficacy of 3 g oral
amoxicillin plus probenecid for early and late syphilis among
HIV-1-infected patients in an observational setting. The results
showed that 95.5% of the study patients were successfully

Table 3. Results of Univariate Analysis to Estimate Risk Factors
for Treatment Failure With Oral Amoxicillin Plus Probenecid for
Syphilis

Variable PValue

OR (95% Cl)

History of syphilis treatment 0.8 (.26-2.41) .675

Abbreviations: ART, antiretroviral therapy; Cl, confidence interval; HIV-1,
human immunocdeficiency virus type 1; OR, odds ratio.

treated based on 4-fold decrement in RPR titer. Treatment effi-
cacy was 97.5% in patients with early syphilis (including prima-
ry, secondary, and early latent syphilis) and 90.8% in patients
with late syphilis (including late latent syphilis and syphilis
with unknown duration). This high treatment efficacy is sur-
prising considering that our study population could have in-
cluded asymptomatic neurosyphilis, because neurosyphilis in
HIV-infected patients could occur even in early syphilis without
clinical symptoms [5, 6], and most study patients (94.1%) did
not undergo lumbar puncture for CSF examination. Further-
more, because increased rate of treatment failure has been
reported in HIV-1-infected patients compared with noninfect-
ed patients [21, 22], the treatment efficacy shown in this study
can be generalized to or could be even better among patients
without HIV-1 infection. The regimen of 3 g oral amoxicillin
plus probenecid was highly tolerable as well; only 28 (9.8%) pa-
tients experienced adverse events, and amoxicillin was switched
to doxycycline in only 21 (7.3%) patients. It is also noteworthy
that treatment of syphilis was successful in 89.3% of the patients
who developed adverse events. Thus, high-dose oral amoxicillin
(3 @) plus probenecid can be considered the treatment of choice
for early syphilis, late latent syphilis, and syphilis of unknown
duration where intramuscular BPG is not available or 3 injec-
tions of intramuscular BPG at 1-week intervals is not feasible
or is inconvenient to patients with late syphilis.

In the present study, the treatment duration for most patients
was either for 14-16 days (49.7%) or 28-30 days (34.3%). Com-
parison of treatment efficacy between early and late syphilis ac-
cording to treatment duration showed that treatment efficacy
was similar for both 2-week and 4-week treatment in early syph-
ilis, whereas it tended to be lower for 2-week than 4-week treat-
ment in late syphilis, albeit statistically insignificant (P =.15).
Based on these results and considering that the majority of
the study patients used 750 mg of probenecid, we recommend
2 weeks of treatment with 3 g oral amoxicillin plus 750 mg
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probenecid for patients with early syphilis and 4 weeks of treat-
ment using the same doses for patients with late latent syphilis
and syphilis of unknown duration.

To our knowledge, this is the first study to report the treatment
efficacy of high-dose oral amoxicillin plus probenecid for syphilis,
regardless of HIV-1 infection status. Although the treatment of
oral amoxicillin plus probenecid is described as an alternative
syphilis treatment in the UK national guidelines on the manage-
ment of syphilis [10], previous studies were either only pharma-
cokinetic studies that examined amoxicillin level in the CSF, or
anecdotal, and all of these studies were published in the 1970s
and 1980s [13, 14, 23, 24]. It is also noteworthy that amoxicillin,
similar to aqueous penicillin, crosses the blood-brain barrier to
reach the causative bacteria in the CSF [13, 25], whereas BPG,
the preferred choice for early and late syphilis, does not [26].
This might be particularly important for patients with HIV-1 in-
fection because these patients likely present with asymptomatic
neurosyphilis, and progression to neurosyphilis is faster in
HIV-1-infected patients than in noninfected patients [4-6]. Dox-
ycycline and azithromycin are alternative choices for oral treat-
ment of syphilis for patients with penicillin allergy listed in the
guidelines [10]; however, evidence for treatment efficacy of
these regimens is limited, particularly among patients with
HIV-1 infection [27], and unfortunately, emerging resistance of
azithromycin for T. pallidum has been reported [28, 29].

Despite several strengths of our study, such as novelty and
large number of patients treated with the same regimen of oral
amoxicillin plus probenecid, we acknowledge several limitations.
First, cases of early latent syphilis might have been included
among those with syphilis of unknown duration, because blood
samples 1 year before the diagnosis of syphilis were not necessar-
ily available for all patients. Thus, the treatment efficacy for syph-
ilis of unknown duration might be overestimated. However,
because only 5.9% of the study patients underwent lumbar punc-
ture, neurosyphilis might be included in this group as well, sug-
gesting that the treatment efficacy might be underestimated.
Second, this study defined successful treatment as a >4-fold dec-
rement in RPR titer by 24 months after starting treatment. This
criterion was chosen because the serologic response after treat-
ment in HIV-infected patients is slower than that in noninfected
patients [21, 30]. Although the long observation period might in-
crease the risk of unexpected antibiotic exposure and might con-
tribute to overestimated treatment efficacy, in this study, 96.3% of
patients with successful treatment against syphilis achieved a >4-
fold decrement in RPR titer within 12 months after treatment
(Figure 2). Third, the retrospective nature of the study could
have introduced some selection and information biases. In fact,
although all study patients were treated with 3 g amoxicillin
plus probenecid, the duration of treatment, frequency of drug ad-
ministration, and probenecid dose were not identical among the
study patients. However, as described above, most patients were

treated for either 2 weeks or 4 weeks, and the treatment efficacy
was equally high (the efficacy of 2 weeks’ treatment tended to be
lower than that of 4 weeks among patients with late syphilis,
though not statistically significant). Similarly, most (80.8%) pa-
tients were treated with amoxicillin 3 times a day, and 60.1%
were treated with probenecid 750 mg/day. These are the reasons
for recommending 2 weeks of 3 g oral amoxicillin plus 750 mg
probenecid for patients with early syphilis and 4 weeks of treat-
ment for patients with late syphilis.

In conclusion, the efficacy of 3 g oral amoxicillin plus 750 mg
probenecid daily was very high in HIV-1-infected patients with
early and late syphilis. This regimen was also highly tolerable and
required only a single hospital visit. Two weeks of this regimen
for patients with primary, secondary, and early latent syphilis,
and 4 weeks of treatment for late latent syphilis and syphilis of
unknown duration are suggested. Three grams of amoxicillin
plus probenecid may be an acceptable replacement for intramus-
cular BPG. Additional prospective studies are warranted.
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How Does Fat Survive and
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Remodel After Grafting?
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KEY POINTS

o Under severe ischemia, adipocytes die within 24 hours; adipose-derived stem/stromal cells (ASCs)
survive up to 3 days and are activated, contributing to the repairing process through adipogenesis,
angiogenesis, and paracrine effects.

» Adipocyte fate after fat grafting is categorized into three zones depending on the distance from the
surface: survival, regeneration, and necrosis.

» ASCs do not die and give rise to new adipocytes in the regenerating zone; they die in the necrotizing
zone. The balance between regeneration and degeneration determines the fmal volume retention

INTRODUCTION

Adipose tissue and adipose-derived stem/stromal
cells (ASCs) obtained from liposuction were shown
to have potential for regenerative therapeutic use.
However, clinical outcomes of fat grafting remain
unpredictable and, to improve the outcomes, it is
crucial to elucidate the detailed mechanism of
engraftment of fat tissue. The “cell survival theory,”
which maintains that transplanted adipocytes
partly survive once they receive adequate nutri-
ents and remain alive in the recipient site, had
been accepted for a long time."™® In contrast, our
recent studies showed how ASCs work in
response to microenvironmental changes, such
as ischemia and applied mechanical force,*® and
revealed the “cell replacement theory,” which

holds that most adipocytes undergo ischemic
death and subsequent replacement with next gen-
eration during the first 3 months after fat graft-
ing.%7 Further details, such as the cellular origin
of adipose regeneration and the mechanism of
cicatrization and oil cyst formation, were also
demonstrated.”

BASIC SCIENCE: FUNCTIONAL ROLES OF
ADIPOSE-DERIVED STEM/STROMAL CELLS IN
TISSUE REMODELING

Adipose Tissue Biology

Adipose tissue is not only an organ of energy stor-
age, but also an endocrine organ (releasing multi-
ple adipose-derived hormones, such as leptin
and adiponectin) that regulates metabolic
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homeostasis. Adipose tissue consists predomi-
nantly of adipocytes, ASCs, vascular endothelial
cells (VECs), pericytes, fibroblasts, and connective
tissue as well as adipose tissue-resident macro-
phages and lymphocytes (Fig. 1).® Our rough esti-
mation of cellular component numbers are as
follows; 1 cm® intact adipose tissue contains
several millions cells; 1 million adipocytes, 1
million ASCs, 1 million VECs, and 1 million other
cells (adipose-resident macrophages and lympho-
cytes, pericytes, fibroblasts, etc).? Adipose tissue
is rich in capillary and every single adipocyte is
attached to the capillary network. The size of
adipocyte is 50 to 150 pm in diameter (if it be-
comes larger, it dies from ischemia) and its life
span is several to 10 years in humans. ASCs are
located perivascularly along the capillaries be-
tween adipocytes like pericytes. ASCs have been
shown to release angiogenic factors responding
to ischemia® and to differentiate physiologically
into adipocytes and VEGs.® A small subpopulation
of ASCs (1%-2%) may have greater multipotency,
corresponding with stem cells called multilineage
differentiating stress enduring (Muse) cells.'®
The enlarged adipocytes in obese individuals
occasionally die from relative ischemia and are
subsequently surrounded by infiltrated M1 inflam-
matory macrophages (crownlike structure). The
crownlike structure is seen after any types of
adipocyte death (Fig. 2).

A

L

Adipose-Derived Stem/Progenitor Cells in
Adipose Tissue Remodeling

ASCs are the main cell population contributing to
adipocyte (re)generation in any types of adipose
tissue remodeling/expansion, such as develop-
mental growth, hyperplasia in obesity, repair pro-
cesses after injury/ischemia,* or tissue expansion
induced by internal/external mechanical forces.®
These remodeling processes are in balance be-
tween adipocyte apoptosis/necrosis and adipo-
genesis managed by ASCs. In ASC-deficient
tissues, such as irradiated or chronically inflamed
tissues, any type of adipose tissue remodeling or
expansion is impaired and thus fat grafting to
fertilize such stem cell-depleted condition would
be theoretically the right solution."' Adipose-
tissue atrophy over aging is likely owing to a
decrease in number of ASCs and consequent
impaired physiologic turnover, as is commonly
seen in other tissues and organs.

Ischemia to Adipose Tissue

"Subcutaneous adipose tissue has the higheét tis-

sue partial oxygen tension (ptO,; 40-60 mm Hg)
among organs. The high ptO, of adipose tissue
probably reflects high density of capillaries and
low oxygen consumption rate of the tissue. Dia-
betic adipose tissue is relatively ischemic with
low-grade chronic inflammation, which causes

Fig. 1. Structuré of human adipose tissue. {A) Adipose tissues are triple stained with BODIPY (adipocytes; yellow),
lectin (endothelial cells; red), and Hoechst 33,342 (nuclei; blue). Adipose tissue is packed with adipocytes with
scarce connective tissue and is rich in capillary network, though each adipocyte is exceptionally large in size. Scale

bars = 100 um. (B) Scanning electromicroscopic images.
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= Stem cell (Muse cell)
= Progenitor (ASCs)
= M2 macrophage
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Injured adipose tissue | .. = Bone marrow-MSCs

Fig. 2. Schema for structure of intact, obese, and injured adipose tissues. (A) Intact adipose tissue has not only
adipocytes but also many other types of cells such as ASCs and vascular endothelial cells. (8) Obese adipose tissue
has some dead adipocytes surrounded by infiltrated M1 macrophages (crownlike structure) and shows low-grade
chronic inflammatory condition. (C) In injured adipose tissue, ASCs are activated and many types of progenitor/
stem cells are recruited from bone marrow to repair the tissue damage. MSC, mesenchymal stem cell.

)

adipose endocrine dysfunction, insulin resistance, Injury to Adipose Tissue
and the metabolic syndrome, whereas lipoma tis- . L . .
sue is not ischemic, probably owing to upregu- Tissue injury also causes adipose tissue degener-
lated angiogenesis. 5 ation with inflammatory cell recruitment and
Among cellufar components of adipose tissue, rdelease otf mﬂe;mmatory cztokmes_. After xg;urty;;
adipocytes are most susceptible to death under egenerative changes sucn as a Ipocyte eat
ischemic conditions such as 15 mm Hg of pt0,.° oceur, and primary injury factors such as basic
When severe ischemia prolongs, VECs and fibroblast growth factor and other factors from
blood-derived cells start to die nex:t. In contrast, aggregated p!att_alets such as platelet-derived
ASCs can remain alive up to 3 days, even under grow_th factor, epidermal gl’Othth factor, anq trans-
severely ischemic conditions.® Over the 3 days _formlng growth factor-B are first released into ’Fhe
they can be activated by siqnal dvi M injured site and trigger a cascade of wound healln_g
y ca ated by signals from dying cells processes.* '3 Basic fibroblast growth factor is

and contribute to the adaptive repairing process, . .
such as by adipogenesis and angiogenesis.®” released from damaged connective tissue and
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acts through a c-Jun N-terminal kinase signhaling
pathway to stimulate ASCs not only to proliferate,
but also to secrete secondary factors such as he-
patocyte growth factor and vascular endothelial
growth factor, and contributes to the regeneration
of adipose tissue and suppression of fibrogenesis
during the first week after injury.’® In parallel, a va-
riety of stem/progenitor cells such as endothelial
progenitor cells are recruited from bone marrow

Before

2 weeks

and collaborate with activated ASCs in an orches-
trated repair of the damaged adipose tissue (see
Fig. 2).

Mechanical Force to Adipose Tissue

Mechanical forces, whether external (shear,
stretch, tension, distraction and compression} or
endogenous (forces that are generated within the

Fig. 3. Immunohistology of grafted fat tissue in mice (Before, 1 week and 2 weeks). Harvested tissue samples
[before (top), 1 week (middle), and 2 weeks {bottom) after grafting] were immunostained for perilipin {cyto-
plasm of viable adipocytes; green), MAC2 (monocytes/macrophages; red) and Hoechst 33,342 (nuclei; blue). Rect-
angles in the low magnification images (left column; yeliow scale bars = 100 um) were further magnified in the
right column (white scale bars = 30 pm). Demarcation between the surviving and regenerating zone became
clear at 1 week (interrupted line); dead adipocytes (asterisk) were perilipin negative and surviving adipocytes
were strongly positive for perilipin, Small-sized preadipocytes with multiple intracellular lipid droplets (arrows)
appeared between dead adipocytes at 2 weeks; the dead adipocytes were surrounded by a single layer of mac-
rophages (red). (Adapted from Kato H, Mineda K, Eto H, et al. Degeneration, regeneration, and cicatrization af-
ter fat grafting: dynamic total tissue remodeling during the first 3 months. Plast Reconstr Surg 2014;133:306e;

with permission.)



How Fat Survives and Remodels After Grafting

active cytoskeleton), affect tissue growth, cellular
function, and even survival. Moreover, physical in-
teractions with the extracellular matrix can signifi-
cantly influence stem cell behavior.' Continuous
external tissue expansion (Brava®) is attempted
for expansion of the breast tissue.'® Experimen-
tally, 4 weeks of external suspension caused
enlargement of the subcutaneous tissue, particu-
larly adipose tissue, although the enlargement
was reversible.® The regenerating potential has
been attributed to the number (density) and poten-
tial of ASCs; thus, irradiated tissue has a limited
potential for expansion.

RELEVANCE TO CLINICIANS: WHAT HAPPENS
AFTER FAT GRAFTING?
Acute Events Immediately After Fat Grafting

The grafted nonvascularized adipose tissue is
placed under ischemia (hypoxia) and is nourished
only by plasmatic diffusion from the surrounding
host tissue for a few days until revascularization
occurs. This results in the death of many
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adipocytes within 24 hours and release of multiple
cell death and injury-associated factors from the
dying donor tissue and injured host tissue
{Fig. 3).5"3 Inflammatory cells, such as macro-
phages and lymphocytes, are infilirated and in-
flammatory cytokines, such as interleukins, are
secreted. Despite the death of adipocytes, ASCs,
which can be functional for up to 72 hours even un-
der severe ischemia, are activated and try to repair
the damaged tissue in collaboration with infiltrated
stem and progenitor cells from the bone marrow.®”

Regeneration After Ischemic Tissue Damage:
Three Zones with Differential Cell Fates

Based on our recent studies, the first 3 months af-
ter fat grafting is a period of tissue remodeling; adi-
pogenesis does not occur after this period.'” The
grafted fat is categorized into three zones from
the periphery to the center: (1) survival (supetficial),
(2) regeneration (intermediate), and (3} necrosis
(central; Fig. 4).” The demarcation of the surviving
zone (100-300 pum thick) from the regenerating

Regenerating |

*
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gy BB
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Fig. 4. Immunohistology of grafted fat tissue in mice (4 weeks). Immunohistclogy of a graft sample at 4 weeks
showed demarcated surviving, regenerating, and necrotizing zones. (Left, above) A low-magnification image of
perilipin staining showed the necrotizing zone {(yellow interrupted line) with no adipogenesis. White scale bar =
1 mm. (Right, below) A high-magnification image showed demarcated {(with white interrupted lines) surviving
(perilipin-positive adipocytes), regenerating (perilipin-positive small adipocytes), and necrotizing zones (no
viable adipocytes). Yellow scale bar = 100 um.
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zone became clear at 1 week, whereas the demar-
cation between the regenerating and necrotizing
zones was obvious between 2 and 4 weeks (see
Fig. 3).

Adipocytes superficially located 100 to 300 pm
from the tissue edge remain alive (surviving zone),
and all the rest of adipocytes (regenerating and
necrotizing zones) die within 24 hours after graft-
ing. The dead adipocytes are surrounded by M1
macrophages for phagocytosis (see Fig. 3), but
the absorption process takes weeks or months,
depending on the size and therefore the grafted
fat maintains its original size for the first 4 weeks
despite adipocyte death. ASCs in the regenerating
and necrotizing zones are activated and start to
repair the tissue. New, small preadipocytes ap-
peared around the dead adipocytes (surrounded
by a single layer of macrophages) at 1 to 2 weeks
in the regenerating zone (600-1200 pm thick),

8 weeks

12 weeks

Oil
drop

Fig. 5. Immunohistology of grafted fat tissue in mice (8 and 12 weeks). Harvested tissue samples (8 weeks [top]

whereas no adipogenesis was observed in the
necrotizing zone (see Fig. 4). In the regenerating
zone, the hypoxic condition is improved by revas-
cularization within 3 days and ASCs give rise to
new adipocytes, which finally replace the dead ad-
ipocytes by 3 months. On the other hand, in the
necrotizing zone, the microenvironment is not
improved within 3 days and ASCs also die, leading
to central necrosis of the graft tissue.

The ratio between the necrotizing and surviving/
regenerating zones, which determines the final
volume retention after fat grafting, varies depend-
ing on the recipient microenvironment, based on
factors such as vascularity, as well as the size of
the grafted fat, grafting technique, and postopera-
tive care. Our experimental study using a mouse
model revealed that oxygenation of the recipient
bed with normobaric 60% oxygen for 3 days post-
operatively promotes survival, regeneration, and

Ol
drop

and 12 weeks [bottom] after grafting) were immunostained for perilipin (cytoplasm of viable adipocytes; green),
MAC2 (monocytes/macrophages; red) and Hoechst 33,342 (nuclei; blue). There are few small new adipocytes,
which means that adipose regeneration seemed to be finished by 12 weeks. Large-sized lipid drops surrounded
by M1 macrophages are left in the tissue. (Modified from Kato H, Mineda K, Eto H, et al. Degeneration, regen-
eration, and cicatrization after fat grafting: dynamic total tissue remodeling during the first 3 months. Plast Re-

constr Surg 2014;133:306e.)
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Fig. 6. Conclusive schema for the fate of adipocytes in grafted fat. During the first 3 months of adipose tissue
remodeling, transplanted adipocytes have differential fates depending on their microenvironments. In this
schema, complex cellular events are simplified and the adipocyte fate is categorized into 4 patterns: survival, suc-
cessful regeneration, failed regeneration (cicatrization), and oil cyst formation. Cicatrization and oil cyst forma-
tion are often not complete at 3 months. The most superficial zone is the “surviving zone,” which is less than
300 pum thick. In the surviving zone, both adipocytes and adipose-derived stem cells {ASCs) survive. The second
zone is the “regenerating zone,” the thickness of which varies (600-1200 um) depending on the microenviron-
mental conditions. In this zone, adipocytes die, but ASCs survive and provide new adipocytes to replace the
dead ones. The most central zone is the “necrosis zone,” where both adipocytes and ASCs die, no regeneration
is expected, and the dead space will be absorbed, be filled with fibrosis, or develop into an oil cyst. (Modified
from Kato H, Mineda K, Eto H, et al. Degeneration, regeneration, and cicatrization after fat grafting: dynamic
total tissue remodeling during the first 3 months. Plast Reconstr Surg 2014;133:312e.)
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final retention of transplanted fat.’® The thickness
of surviving and regenerating zones were in-
creased, suggesting superior survival of adipocyte
and resident ASCs, respectively.

Long-Term Stabilization Process (Lipid
Absorption and Cicatrization)

In pékéﬂel with the regenerating events, stabilizing
events, such as lipid absorption (phagocytosis)

process persists for at least several more months,
as suggested by clinical observations that volume
reduction after fat grafting continues until the end
of the first year. Small-sized oil droplets were ab-
sorbed or temporarily filled with muitilayered M2
macrophages, inducing the dead space replace-
ment with fibrogenesis in parallel with lipid absorp-
tion. On the contrary, substantially larger oil drops
(>8 mm) form oil cysts in several months and
remain permanently, which are considered the

worst outcome of fat grafting accompanied by
chronic inflammation and calcification.”*"17 We
summarize differential fates of adipocytes depend-
ing on the microenvironment in Fig. 6 and the post-
operative time course of fat grafting in Fig. 7.

and lipid replacement with scar tissue (fibrosis),
occur in the regenerating and necrotizing zones.”
Although the adipogenesis/regeneration process
in the regenerating zone peaks at 4 weeks and is
completed by 3 months (Fig. 5), the stabilizing

Postoperative sequence after fat grafting
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Fig. 7. Long-term postoperative sequence after fat grafting. Adipogenesis after adipocyte death is exerted by
activated adipose-derived stem cells {ASCs). Some of the dead adipocytes are replaced with new adipocytes of
next generation and the adipogenesis is finish by 3 months (tissue “repair” phase). Dead adipocytes remaining
at 3 months are absorbed during the next 9 months (tissue “stabilization” phase). Lipid droplets (dead adipo-
cytes) are absorbed by macrophage phagocytosis, but the absorption is very slow and the absorption period de-
pends on the diameter of the lipid droplets; when the lipid droplet diameter was large, such as 10 mm, the cyst
wall is formed before completing absorption and the cyst wall start to calcify over time. The final volume reten-
tion after fat grafting is determined by the rate of successful replacement of adipocytes. if grafted adipose has
only small lipid droplets and absorption is finished by 3 months, the volume will not substantially change after
3 months (shown as “excellent”). On the other hand, many large lipid droplets remain at 3 months, tissue will
atrophy between 3 and 12 months {shown as “poor”). (Adapted from Yoshimura K, Eto H, Kato H, et al.
In vive manipulation of stem cells for adipose tissue repair/reconstruction. Regen Med 2011;6(6 Suppl):38; with

permission.)



How Fat Survives and Remodels After Grafting

What Are the Origins of Next-Generation Cells
After Fat Grafting?

Our recent study using green fluorescent protein
mice revealed the origin of cell components in
grafted fat.’® Mature adipocytes are mostly
derived from ASCs in the graft. Although vascular
wall constituents (smooth muscle cells) are
chiefly graft derived; capillaries (VECs) originated
equally from the graft and the host bone marrow.
ASCs of the regenerated fat are an admixture of
grafted, host non-bone marrow, and host bone
marrow cells. These findings highlight the impor-
tance of ASCs contained in the grafted fat for
regeneration of adipocytes. Also, host bone
marrow and local tissues contribute substantially
to capillary networks and the provision of new
ASCs, which can contribute to future remodeling.
Thus, although ASCs can be provided by bone
marrow or other tissues, they have to get ready
by staying adjacent to adipocytes in of conirib-
uting to adipocyte regeneration after adipocyte
death.

Clinical Implications: How We Can Improve
the Engraftment of Grafted Fat?

Recent advancements in the understanding of
the underlying mechanisms provide a number
of clinical implications. It is considered that the
size and thickness of surviving zone are influ-
enced by the surrounding recipient tissue. Better
vascularity and greater oxygen tension of recip-
ient tissue increase the surviving zone. Precondi-
tioning of recipient tissue, negative pressure,
and/or hyperoxygenation may help for this pur-
pose. Excessively high internal pressure keeps
the recipient tissue ischemic and reduces the
surviving zone. As with skin grafts, immobiliza-
tion should help the capillary to grow into the
graft during the first week, which improves the
oxygen tension of the regenerating zone and res-
cues ASCs from ischemic death. The size and
surface area of grafted fat is a critical factor to
minimize the central necrotizing zone; the diam-
eter of grafted fat particles or noodles would be
recommended to be as small as 2 mm. For adi-
pogenesis after fat grafting, it is very important
to have a good number of both viable adipocytes
and ASCs in the graft (not helped from the
outside). Adipocytes can release crucial factors
to activate adjacent ASCs and lead them to dif-
ferentiation into adipocytes. This finding strongly
suggests that it is worth considering preparing a
petter number and ratio of adipocytes and ASCs
during the tissue processing before grafting (dis-
cussed in the article by Kuno and Yoshimura
elsewhere in this issue).

SUMMARY

ASCs act as main players in any types of adipose
tissue regeneration, including after fat grafting, by
differentiating into adipocytes or VECs and
releasing angiogenic growth factors. The fate of
grafted fat depends on its size and the microenvi-
ronment of cellular components, such as adipo-
cytes. Adipocytes remain alive in the surviving
zone, whereas they die shortly after grafting in
the regenerating and necraotizing zones. Adjacent
perivascular ASCs are activated by adipocyte
death and begin to proliferate and differentiate to
repair the damaged tissue in collaboration with in-
filtrated stem/progenitor cells in the regenerating
zone. Dead adipocytes are phagocytized by M1
macrophages and are replaced successfully by
new adipocytes without residual fibrosis in a better
condition of the regenerating zone. In contrast,
dead adipocytes under worse conditions in the re-
generating or necrotizing zones are replaced partly
with fibrosis or oil cysts; M2 macrophages act in
the fibrogenesis process. Interestingly, dead adi-
pocytes work as spacers and keep the space for
new adipocytes during the regeneration process.
The final volume retention after fat grafting is
determined by the balance between degeneration
and regeneration of adipose tissue and affected by
many surgeons’ factors including the microenvi-
ronments of graft regenerating zone and surround-
ing recipient tissue. Adipogenesis after fat grafting
depends greatly on ASCs resident in the graft tis-
sue, suggesting the importance of tissue process-
ing before transplantation.
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EXPERIMENTALE

Differential Contributions of Graft-Derived and
Host-Derived Cells in Tissue Regeneration/
Remodeling after Fat Grafting

Kle;l;:rg I:t); - Background Recent research mdlcates that the adlpose tlssue of nonvascular— :
HitomigEto ized grafts is completely remodeled within 3 months although orlgins of next—
generatlon cells are unclear.
Hatuhosoke Kato Methods: Inguinal fat pads of green ﬂuorescent proteln mice and Wlld type AQ2
Shlmc,hlr'o Kuno § , vere cross-transplanted beneath the scalp. At 1, 2, 4, and 12 weeks after
Kahori Kinoshita § transplantation, grafted fat was harvested, weighed, and analyzed through im-
KOJ} Kanayama ‘munohistochemistry, whole-mount staining, and flow cytometry of cell isolates.
Jingwei Feng § Bone marrow of green fluorescent protein mice was transplanted to wild-type
Ichiro Manabe |} mice (after irradiation). Elght weeks later these IIllCC also recewed fat grafts
AQ1 Kotaro Yoshimura, M.D. t'_whlch were analyzed as well. e
Tokyo, Japan || Results: The majority of host denved cells detected durmg remodehng of:
grafted fat were macrophages (>90 percent at the early stage; 60 percent -
‘at 12 weeks). Cell origins were analyzed at 12 weeks (i.e., ‘when completely
‘regenerated) At this point, mature adipocytes were largely derived from
ad1pose—der1ved stem/stromal cells of grafts. Although vascular wall constitu-
_ents were chiefly graft derived, vascular endothelial cells orlgmated equally
from graft and host bone marrow. Adipose-derived stem /s stromal cells of
regenerated fat were an admixture of grafted host nonbone marrow and
host bone marrow cells.
Conclusions: The above findings underscore the importance of adlpose stem/ ‘
‘stromal cells in the grafted fat for adipocyte regeneration. Host bone marrow
and local tissues contributed substantially to capillary networks and provided
new adlpose-derlved stem/stromal cells. An appreciation of mechanisms that
" are operant in this setting stands to improve clinical outcomes of fat graftmg
and cell-based therapies. (Plast. Reconstr. Surg. 135: 00, 2015.)
at grafting has been increasingly recog- Adipose tissue harbors a variety of cells, namely
nized for its many clinical benefits, aside adipocytes, adipose-derived stem/stromal cells,
Ll from tissue volumization. Tissues depleted and blood vascular cells (endothelial and mural).?
of stem cells may be corrected by stem cell- Isolated or cultured adipose-derived stem/stro-
containing tissue grafts. Grafted fat has the  mal cells hold great therapeutic promise through
potential to revitalize diseased tissues (irradi- their capacity for multilineage differentiation,
ated, dystrophic, or ischemic) and painful scars,  paracrine activity, and immunomodulation.**
thanks to contributing adipose-derived stem/
stromal cells and tissue. However, such benefits
are achieved only when each procedural step Disclosure: The authors have no financial interest | AQut

of fat grafting is properly executed. Hence,
it seems that there remains much room for
technical improvement.
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Consequently, clinical investigations of adipose-
derived stem/stromal cells are aimed at a multi-
plicity of disorders”®

Adipose-derived stem/stromal cells are heavily
involved in the remodeling of adipose tissue after
trauma of any nature, including ischemia-reper-
fusion injury, mechanical force, and grafting.®-'2
Through previous efforts, we have delineated a
range of events that occur during remodeling,
particularly the replacement of adipocytes by next-
generation cells after fat is grafted.'®!* Although
cells such as adipose-derived stem/stromal cells,
vascular endothelial cells, and macrophages are
known participants in remodeling,'®** the origins
of these constituents are unclear. It is acknowl-
edged that adipose-derived stem/stromal cells
facilitate mobilization and homing of bone mar-
row cells (such as endothelial progenitor cells)5;
therefore, bone marrow—derived cells are likely
components of regenerating fat after grafting.

In this study, we sought to investigate the ori-
gin of cells in the grafted fat after tissue remod-
eling/regeneration. We removed fat from green
fluorescent protein (GFP) and wild-type mice
for cross-transplantation (i.e., fat exchange) to
investigate the origins of regenerating cells there-
after. In addition, mice with GFP—positive bone
marrow served as recipients to research the fate
of bone marrow—derived cells. We believe that a
better appreciation of mechanisms inherent in
the remodeling of grafted fat will improve related
clinical outcomes and broaden the potential of
stem cell therapies.

MATERIALS AND METHODS

Animal Models

All animals were obtained from Japan SLC
(Shizuoka, Japan; http://www.jslc.co.jp). Animal
maintenance and experimental protocols were
conducted under University of Tokyo guidelines.

Fat Exchange Models

Female 9-week-old mice of two strains,
C57BL/6 (B6 mice) and C57BL/6-Tg (CAG-
EGFP) (GFP mice), were anesthetized using intra-
peritoneal pentobarbital 50 mg/kg, and inguinal
fat pads were harvested for cross-transplantation
into subcutis of scalp, as described previously.'? Fat
pads of B6 mice were transplanted to GFP mice
(B6—~GFP), and fat pads of GFP mice were trans-
planted to B6 mice (GFP—B6) (Fig. 1). B6 and
GFP mice are near-identical strains, so immune
reactivity is negligible. At 1, 2, 4, and 12 weeks after
transplantation, total body weight was recorded,
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Fig. 1. Schematic diagram of experimental animal models. The
inguinal fat pads of B6 mice were transplanted to GFP mice
(B6->GFP), and those of GFP mice were transplanted to B6
mice (GFP—B6). GFP-positive bone marrow chimeric B6 mice
(GFPBM-B6) were prepared by transplanting bone marrow of
GFP mice into irradiated B6 mice. The fat pads of B6 mice were
also transplanted to GFPBM-B6 mice (B6—GFPBM-B6).

and the grafted fat was harvested for further analy-
ses, such as histology and flow cytometry. Thus, dif-
ferent animals were analyzed at each time point.
Three animals for each group at each time point
were analyzed for weight, histology, and stromal
vascular fraction culture. Furthermore, nine ani-
mals for each group at 12 weeks were analyzed for
fluorescence-activated cell sorting analysis of stro-
mal vascular fraction. Bodily weight increases over
time were similar in both grafted models. Graft
weights were normalized (i.e., divided by body
weights) to counter the effects of animal growth.

Bone Marrow Transplantation Model

GFP-positive bone marrow chimeric B6 mice
(GFPBM-B6) were generated as reported previ-
ously.’® Briefly, femoral and tibial bone marrow
cells were harvested from 6-week-old female GFP
mice by flushing with phosphate-buffered saline.
After hemolysis with red blood cell lysis buffer
(Sigma Aldrich, St. Louis, Mo.) and washing,



