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Tuberculosis (TB) remains a major public health issue due to the increasing incidence of type 2 diabetes mellitus (T2DM), which
exacerbates the clinical course of TB and increases the risk of poor long-term outcomes. The aim of this study was to characterize
the pharmacokinetics of rifampin (RIF) and its relationship with biochemical and immunological parameters in patients with
TB and T2DM. The biochemical and immunological parameters were assessed on the same day that the pharmacokinetic evalua-
tion of RIF was performed. Factors related to the metabolic syndrome that is characteristic of T2DM patients were not detected
in the TB-T2DM group (where predominant malnutrition was present) or in the TB group. Percentages of CD8� T lymphocytes
and NK cells were diminished in the TB and TB-T2DM patients, who had high tumor necrosis factor alpha (TNF-�) and low in-
terleukin-17 (IL-17) levels compared to healthy volunteers. Delayed RIF absorption was observed in the TB and TB-T2DM pa-
tients; absorption was poor and slower in the latter group due to poor glycemic control. RIF clearance was also slower in the dia-
betic patients, thereby prolonging the mean residence time of RIF. There was a significant association between glycemic control,
increased TNF-� serum concentrations, and RIF pharmacokinetics in the TB-T2DM patients. These altered metabolic and im-
mune conditions may be factors to be considered in anti-TB therapy management when TB and T2DM are concurrently present.

Tuberculosis (TB) is an infectious disease caused by the Myco-
bacterium tuberculosis complex (MTC) and remains a major

cause of morbidity and mortality in developing countries. In 2013,
an estimated 9 million people developed the disease, resulting in
1.5 million deaths (1). One-third of the population is infected with
MTC, but only 5% to 10% develop active TB disease. The risk is
increased by the presence of factors such as HIV, diabetes mellitus
(DM), malnutrition, and other environmental factors (2). The
increasing incidence of type 2 diabetes mellitus (T2DM) raises the
risk of development of active TB in high-burden regions 2-fold to
8-fold over the baseline, especially in individuals with poor glyce-
mic control (3–5). Moreover, an exacerbated TB clinical course
and an increased risk of poor long-term outcomes have been re-
ported for T2DM patients (6).

The cure rate reported after the directly observed treatment
short course (DOTS) for TB was greater than 85%, with less than
5% of subjects relapsing (1). However, Jiménez-Corona et al. ex-
amined 1,262 TB patients from southern Mexico and found that
the prevalence of T2DM was 29.63. T2DM was associated with
more-severe clinical manifestations (adjusted odds ratio [OR] �
1.80), delayed sputum conversion (OR � 1.51), and a higher
probability of treatment failure (OR � 2.93) (9). Differences in
the pharmacokinetics (PK) of rifampin (RIF), the most important
anti-TB concentration-dependent drug, may contribute to an in-
creased risk of TB treatment failure for diabetic patients (10–14).
Additionally, the study by Jiménez-Corona et al. showed that TB
recurrence in diabetic individuals compared with nondiabetic in-
dividuals was caused by MTC of the same genotype in 81% of
cases, indicating a predominance of relapse over exogenous rein-
fection (9). The molecular basis for this susceptibility to TB in
diabetic patients is unclear. One possibility is a compromised im-
mune response in diabetic patients that facilitates either primary

progressive tuberculosis or the reactivation of latent tuberculosis
infection. Chronic hyperglycemia is associated with dysfunctional
immunity to MTC in T2DM patients (15) and hence is likely to
reduce the efficacy of antimycobacterial treatment.

The immune response to MTC is complex and heterogeneous
and has not been completely characterized. CD4� T lymphocytes
in combination with cytokines such as gamma interferon (IFN-�)
and tumor necrosis factor alpha (TNF-�) are fundamental for
control of the infection (7). However, active TB in patients with
T2DM is characterized by an increased but delayed adaptive re-
sponse involving CD4� T cells and cytokines (8). Other types of
cells, such as CD8� T lymphocytes, monocytes, and natural killer
(NK) cells, are also involved in anti-MTC immunity, but their role
in T2DM susceptibility to TB infection is unclear (7, 8). Biochem-
ical and immunological parameters reflect the pathophysiological
status of TB patients with or without T2DM, and the pharmaco-
kinetics (PK) of a drug may be modified according to a patient’s
condition. Therefore, the aim of this study was to characterize the
PK of RIF with suitable time point sampling after a single standard
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dose. Furthermore, we evaluated biochemical and immunological
parameters in TB patients with or without T2DM and examined
their correlation with drug disposition.

MATERIALS AND METHODS
Ethics statement. The study was conducted according to the principles
expressed in the Declaration of Helsinki and was approved by the Re-
search Ethics Committee of Health Services of San Luis Potosi, Mexico.
All patients and volunteers provided written informed consent for the
collection of samples and subsequent analysis.

Patients and healthy volunteers. A longitudinal prospective study
was performed in healthy volunteers, patients with a diagnosis of T2DM,
TB patients, and patients with TB and T2DM. The ages of the participants
ranged from 18 to 65 years. Patients were included consecutively and
matched by gender. Patients were recruited from Infectology and Endo-
crinology Services in the Hospital Central Dr. Ignacio Morones Prieto in
San Luis Potosi, Mexico. TB was diagnosed based on the clinical presen-
tation and was confirmed by microscopic detection of acid-fast bacilli or
microbiologic culture. T2DM diagnosis was based on standard guidelines:
fasting glycemia glucose level, �126 mg/dl; hemoglobin A1c (HbA1c),
�6.5% (16). Screenings for TB or T2DM were performed to sort each
patient into the corresponding study group. For healthy volunteers, renal
and hepatic function tests, urinalysis, and a chest X-ray were performed at
the time of the study. Pregnant women, HIV-positive patients, and pa-
tients with inflammatory disorders, microvascular and macrovascular
complications, abnormal liver, renal, or thyroid function, steroid therapy,
and immunosuppressive medication were excluded. Blood counts and
biochemical parameters, such as levels of glycemia, HbA1c, total choles-
terol, high-density lipoprotein (HDL) cholesterol, low-density lipopro-
tein (LDL) cholesterol, and triglycerides, were measured in the serum of
patients and healthy volunteers after 10 to 12 h of fasting.

For healthy volunteers and T2DM patients, blood samples were ob-
tained randomly when all of the inclusion criteria were determined. For
TB and T2DM-TB patients, samples were drawn on the first day of the
DOTS scheme after the TB diagnosis was confirmed.

Isolation of peripheral blood mononuclear cells. Blood samples were
obtained by venipuncture and collected in tubes with EDTA as an antico-
agulant. Peripheral blood mononuclear cells (PBMCs) were isolated using
Ficoll-Hypaque density gradient centrifugation (Sigma Chemicals, St.
Louis, MO, USA). Cell viability was evaluated with trypan blue staining.
Then, the cells were washed and counted in a Neubauer chamber and
adjusted to 1 � 106 cells/ml–phosphate-buffered saline (PBS).

Flow cytometry. PBMCs were immunostained with mouse anti-hu-
man CD4-fluorescein isothiocyanate (FITC), anti-human CD8-FITC,
anti-human CD14-FITC, or anti-human CD56-FITC monoclonal anti-
bodies (BD-Pharmingen, San Diego, CA, USA) for 20 min at 4°C. After
incubation, the labeled PBMCs were washed and fixed with 1% parafor-
maldehyde. Cells were gated in a FACSCalibur flow cytometer using Cell-
Quest software (Becton Dickinson, San Jose, CA, USA). The results were
presented as the percentage of positive cells relative to the blood counts
and were reported as the absolute number of cells per microliter.

Serum cytokine quantification. Serum was collected and frozen (at
below �20°C) prior to the cytokine assay. Levels of cytokines (IFN-�,
TNF-�, interleukin-17 [IL-17], and IL-10) were measured using a com-
mercial enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA).

Pharmacokinetics assessment. During the first day of DOTS, the TB
and TB-T2DM patients received a standard dose of RIF, isoniazid, and
pyrazinamide (Rifater; Sanofi-Aventis, Mexico, D.F.) under fasting con-
ditions with the following weight criteria: three tablets for patients of 	50
kg body weight and four tablets for patients of �50 kg. The formulation
contained 150 mg of RIF, 75 mg of isoniazid, and 400 mg of pyrazinamide
per tablet. A standard low-fat diet was provided 3, 6, and 12 h after med-
ication intake; the patients were allowed to ingest water ad libitum (17,
18). After the drugs were administered, blood samples were collected 0.33,

0.66, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, and 24 h postdose. Plasma was immediately
separated and frozen at �80°C prior to analysis.

Quantification of rifampin in plasma. The plasma concentration of
RIF was assessed using the high-performance liquid chromatography
(HPLC) method that was previously described and validated (19). An
HPLC Breeze system consisted of a 1525 multisolvent delivery system, a
717 Plus loop injector, a UV light/visible light 2487 detector, and software
(Waters Corporation, Milford, MA, USA). RIF was extracted from human
plasma by adding acetonitrile (Fermont). The method was previously
validated in a range of 0.1 to 20 mg/liter with an accuracy of 99.7% using
a USP reference standard for RIF. The inter- and intra-assay coefficients of
variation (CV) were 1.41% and 8.71%, respectively. The limit of detection
was 0.03 mg/liter, and the limit of quantification was 0.1 mg/liter (CV �
3.2%). Measurements below the assay range were assigned a value equal to
the mean between the lower limit of quantification and the limit of detec-
tion.

Pharmacokinetic analysis. Plasma concentration versus time for each
volunteer was assessed using compartmental and noncompartmental ap-
proaches (WinNonlin version 6.3; Pharsight Corp., St. Louis, MO, USA).
For the noncompartmental model, the maximum observed concentration
(Cmax) and the time at which this occurred (Tmax) were determined di-
rectly from the pharmacokinetic profile. The area under the concentra-
tion-time curve from time 0 to the last observation point at 24 h (AUC0–24)
was calculated with the linear trapezoidal rule. The point extrapolated to
infinity (AUC0 –
) was based on the last time estimated as AUC0 –
 �
AUC0 –24 � C24/�z, where �z was the first-order rate constant associated
with the terminal (log-linear) portion of the curve estimated by the linear
regression of time versus log concentration. The mean residence time
(MRT) was calculated as follows: MRT � AUMC0 –
/AUC0 –
, where area
under the first moment curve (AUMC) was calculated with use of the
trapezoidal rule.

One-compartment open models were performed with first-order ab-
sorption and elimination with a lag time (tlag) in the absorption phase.
The parameters evaluated by the compartmental model were the volume
of distribution (V), the absorption rate (Ka) and the absorption half-life
(t1/2abs), the elimination rate (Ke), and the elimination half-life (t1/2e), the
tlag as the time prior to the first measurable concentration, and the total
body clearance (CL).

Statistical analysis. Pharmacokinetic parameters and covariates were
assessed using the Kolmogorov-Smirnov test to determine the normality
of the data distribution. Differences in anthropometric, biochemical, im-
munological, and pharmacokinetic parameters between TB, TB-T2DM,
and T2DM patients and healthy volunteers were assessed with a one-way
analysis of variance (ANOVA) and Tukey’s post hoc text or a Kruskal-
Wallis test with Duncan’s post hoc test for parametric or nonparametric
data, respectively. Pearson correlations were performed between contin-
uous variables and PK parameters according to the group analyzed. All
statistical evaluations were performed with GraphPad Prism V.5. P values
of less than 0.05 were considered statistically significant.

RESULTS
Patients and healthy volunteers. The anthropometric and bio-
chemical characteristics of the 24 TB patients, 24 TB-T2DM pa-
tients, 18 T2DM patients, and 24 healthy volunteers included in
the current study are detailed in Table 1. The predominant pul-
monary form was observed for 62.5% of the TB patients and 87%
of the TB-T2DM patients. The diabetic TB patients were older
than the nondiabetic TB patients (P 	 0.001); the body mass index
(BMI) data and the doses of RIF per kilogram of body weight were
similar between these groups. Close to 70% of the diabetic TB
patients were previously diagnosed with T2DM; the remainder of
these patients were diagnosed as diabetic at the time of the study.

To confirm the diagnosis and management of T2DM in pa-
tients with or without TB, blood glucose and HbA1c levels were
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determined after 10 to 12 h of fasting (Table 1). The percentages of
diabetic patients with and without TB with poor glycemic control
(HbA1c � 8%) were 60% and 47%, respectively; no differences in
the average glucose and HbA1c values were found between the
TB-T2DM and T2DM groups. Most of the T2DM patients (90%)
and T2DM-TB patients (63%) were under treatment at the time of
the study: 50% were treated with oral antidiabetics (metformin/
glyburide), and the remainder received insulin subcutaneously
(s.c.).

Most of the T2DM patients had a metabolic disorder charac-
terized by dyslipidemia, excess body weight, or obesity (P 	
0.0001). In this study, the data corresponding to BMI, total cho-
lesterol, LDL, and triglycerides were not altered in the patients
who presented with both conditions, which was a significant dif-

ference from the group with T2DM alone (P 	 0.0001). The HDL
cholesterol levels were close to the lower limit in patients with TB
and TB-T2DM and were significantly different from those seen
with the healthy volunteers or the T2DM patients without evi-
dence of infection (P 	 0.001). Notably, none of the patients en-
rolled in the current study had severe liver damage, kidney failure,
or other complications as a result of T2DM. Furthermore, none of
these patients were on medication to control lipid levels or had
received antihypertensive or immunosuppressive treatment.

Immune parameters. To characterize the immune system sta-
tuses of the T2DM patients with TB, T-cell (CD4� and CD8�),
NK cell (CD56�), and monocyte (CD14�) populations were mea-
sured with flow cytometry. As shown in Fig. 1a, the healthy con-
trols, TB patients, and TB-T2DM patients had the same total

TABLE 1 Anthropometric data and biochemical measurements in patients and healthy volunteersa

Parameter

Values for group

PHealthy volunteers T2DM patients TB patients TB-T2DM patients

n (no. of females/no. of males) 24 (15/9) 18 (9/9) 24 (11/13) 24 (11/13) �0.05
Age (yrs) 35.8 � 6.6 45.4 � 11.4 37.3 � 14.8 52.2 � 9.6 <0.001d,g

BMI (kg/m2) 23.7 � 3.1 32.0 � 7.5 21.6 � 3.9 23.3 � 3.8 <0.0001b,e,f

Glucose (mg/dl) 79.8 � 8.3 178 � 93 88.5 � 10.8 188 � 112 <0.0001b,d,e,g

HbA1c (%) 5.40 � 0.3 8.27 � 2.0 5.47 � 0.7 9.02 � 2.5 <0.0001b,d,e,g

Total cholesterol (mg/dl) 160 � 28 188 � 30 135 � 26 157 � 50 0.0001e,f

HDL cholesterol (mg/dl) 60.0 � 12.7 54.9 � 17.8 41.1 � 15.6 41.6 � 15.0 <0.0001b,c,e,f

LDL cholesterol (mg/dl) 80.0 � 22.8 96.2 � 23.3 69.3 � 21.2 85.6 � 36.0 0.014e

Triglycerides (mg/dl) 98 � 58 182 � 71 115 � 50 148 � 80 <0.0001b,d,e

a Data are shown as median � standard deviation. BMI, body mass index. Bold numbers are statistically significant (P 	 0.05).
b Data represent the differences in post hoc analysis for healthy volunteers versus T2DM patients.
c Data represent the differences in post hoc analysis for healthy volunteers versus TB patients.
d Data represent the differences in post hoc analysis for healthy volunteers versus TB-T2DM patients.
e Data represent the differences in post hoc analysis for T2DM versus TB patients.
f Data represent the differences in post hoc analysis for T2DM versus TB-T2DM patients.
g Data represent the differences in post hoc analysis for TB versus TB-T2DM patients.

FIG 1 Flow cytometry subpopulations of CD4� (a) and CD8� (b) T lymphocytes, NK cells (c), and monocytes (d) in peripheral blood mononuclear cells
(PBMC) from healthy volunteers and patients with T2DM without evidence of infection and patients with TB and TB-T2DM prior to the initiation of the DOTS
scheme. The data represent means and standard deviations of the results, and the asterisks indicate significance as follows: *, P 	 0.05; **, P 	 0.001 (for
comparisons between groups using ANOVA and post hoc tests).

Effect of Diabetes on Rifampin Pharmacokinetics

December 2015 Volume 59 Number 12 aac.asm.org 7709Antimicrobial Agents and Chemotherapy

http://aac.asm.org


CD4� T-cell numbers. However, levels of CD8� and CD56� cells
were diminished in the TB and TB-T2DM groups compared with
the healthy controls (Fig. 1b and c). Increased numbers of both
CD4� and CD8� T cells were found in the T2DM group com-
pared with the TB and TB-T2DM groups. Conversely, no differ-
ences in the total levels of peripheral blood monocytes were found
for any group (Fig. 1d).

IFN-� is an important cytokine for the TB immune protective
response (20). Multifunctional T cells, which are producers of
different cytokines, have also been reported to be associated with
protective immunity to MTC (21). Therefore, TNF-�, IL-10, IL-
17, and IFN-� levels were determined in the sera of the healthy
controls and of the TB, T2DM, and TB-T2DM patients. High
levels of TNF-� (Fig. 2a) and low levels of IL-17 (Fig. 2d) were
observed in the TB and TB-T2DM patients compared with the
healthy controls. In contrast, the IFN-� and IL-10 concentrations
were comparable between the groups studied (Fig. 2b and c).

Pharmacokinetics of rifampin. The RIF average plasma con-
centrations versus time for each of the study groups are shown in
Fig. 3. A wide variability in the plasma levels of the anti-TB drug
was observed for up to 24 h after the single dose was detected. The
same presentation of the drug was used to eliminate differences
attributable to changes in the fraction absorbed due to the effects
of excipients and formulation quality (19, 22).

Table 2 shows the pharmacokinetic parameters obtained from
the noncompartmental and compartmental analyses and the re-
sults of the statistical analysis. The one-compartment open model
with first-order elimination and a tlag in the absorption phase rep-
resented the evolution of RIF plasma concentrations.

According to the value of Cmax, 65% of the subjects reached the
reference value of RIF (8 to 24 mg/liter); these patients were
equally distributed between the TB and TB-T2DM patients. Con-
siderable variability was observed in the RIF plasma concentra-
tions. The time to reach Cmax (Tmax) was 2 h for the TB patients
and increased to 3 h in the TB-T2DM patients (P � 0.03). Like-
wise, the tlag obtained with the one-compartment open model was

greater in the TB-T2DM patients (P � 0.04), and the absorption
rate (Ka) was decreased in the diabetic and nondiabetic TB pa-
tients compared to the healthy volunteers (P � 0.01).

A wide interindividual variability in the areas under the time-
concentration curves (AUC0 –24 and AUC0 –
) was found between
groups. Thus, it was not possible to detect significant differences
in these parameters according to the disease status. The MRT ex-
presses the permanency of RIF in the organism based on the pro-
cesses of absorption (including tlag) and elimination; this value
was higher for the TB-T2DM patients (P � 0.02) than for the
other groups in this study.

The average volumes of distribution (V) were similar between
groups; however, levels were significantly increased in the TB-

FIG 2 Serum TNF-� (a), IFN-� (b), IL-10 (c), and IL-17 (d) cytokine levels determined using ELISA in healthy volunteers, patients with T2DM without evidence
of infection or previous exposure to TB, and TB-T2DM patients at the baseline of the DOTS scheme. The data represent means and standard deviations of the
results, and the asterisks indicate significance as follows: *, P 	 0.05; ***, P 	 0.0001 (for comparisons between groups by ANOVA and post hoc tests).

FIG 3 Average pharmacokinetic profiles (� standard error) of RIF in healthy
volunteers and in TB and TB-T2DM patients obtained after administration of
a single oral dose of a fixed-dose combination formulation quantified by
HPLC.
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T2DM patients (P � 0.01) when V was normalized to total body
weight (V/TBW). In contrast, there was no difference in the rates
of elimination (calculated as Ke and t1/2e) between patients. The
mean value of clearance (CL), reported as a rate of 6 liters/h for the
TB-T2DM patients, was significantly lower for the nondiabetic TB
patients (P � 0.04).

Correlation between RIF’s PK and biochemical or immuno-
logical parameters. To assess clinically relevant characteristics
that might be related to RIF’s disposition, each anthropometric,
biochemical, and immunological parameter was correlated with
the evaluated pharmacokinetic parameters. As expected, the AUC,
V, and CL of RIF were associated with the total body weight (P 	
0.05) in healthy volunteers; this finding was not observed in the
TB and TB-T2DM patients. In the TB-T2DM patients, clear
trends were found for glycemic control (fast glycemia and HbA1c)
with tlag and Cmax. Additionally, TNF-� levels were related to the
V/TBW of RIF to a significant extent (P 	 0.05) (Fig. 4).

DISCUSSION

The National Center for Epidemiological Surveillance and Con-
trol of Diseases (CENAVECE) in Mexico reported that TB was
associated with T2DM in a greater proportion (35%) of patients
over 50 years of age. The association of TB with HIV/AIDS was less
prevalent (10% in the age range of 20 to 40 years) and reached 25%
in patients with moderate to severe malnutrition. This finding was
corroborated by the results obtained in the present study. The
BMI, which is typically used to assess excess body weight or obesity
(23), was higher in the group with T2DM. This was not observed
in patients with TB-T2DM (P 	 0.05). A loss of 20% of total body
weight is a regular characteristic of TB patients, and this is re-
flected in a third of the patients, who had BMIs of 	18.49 kg/m2.
However, this state of malnutrition occurred in only 10% of the
TB-T2DM patients.

Adverse effects of hyperglycemic conditions such as T2DM
induce abnormal functions in cells involved in the innate and
adaptive immune response, which are potentially relevant to host
defense against TB (24). The CD4� T cells involved in the protec-
tive immune response to MTC are key factors for the resolution of
the infection, and low levels and abnormal functions of CD4� T
cells may result in clinically evident disease. In contrast, CD8� T
cells are generally thought to contribute to optimal immunity and
protection, and a recent study demonstrated that these cells could
be a better biomarker of the protective response to TB and the
response to therapy than CD4� T cells (25, 26). The relevance of
innate cells such as monocytes/macrophages and NK cells has
been well described (8). However, no studies on T-cell subpopu-
lations, monocytes, and NK cell status have been performed in the
context of RIF pharmacokinetics in TB-T2DM patients to date.
Impaired host defenses in TB-T2DM patients might occur as a
consequence of persistent hyperglycemia (27). Here, differences
in the numbers of CD8� and CD56� cells in both TB and TB-
T2DM patients compared with the control group were found,
although the differences relative to the time evolution of T2DM in
TB patients were not significant (data not shown). No significant
differences in total cell numbers between TB and TB-T2DM pa-
tients were observed. The latter results are in agreement with a
recent study by Kumar et al. (28), who compared T-cell frequen-
cies in pulmonary TB patients with or without DM from a cohort
in Chennai, India, and found no differences between the 2 groups
in the absolute numbers of CD4� and CD8� T cells. However, the
frequencies of subpopulations of immune cells, such as Th1,
Th17, and regulatory T cells, were different between the diabetic
and nondiabetic TB groups (28). Therefore, it would be of great
interest to evaluate the behavior of these cell populations through-
out the course of treatment because the success or failure of the
treatment outcome may be related to the restoration of immunity.

TABLE 2 Pharmacokinetic parameters obtained for RIF in healthy volunteers and in patients with TB and TB-T2DM determined from
noncompartmental pharmacokinetics and the one-compartment open model after oral administration of a single dose of RIFa

Parameter

Values for group

PHealthy volunteers TB patients TB-T2DM patients

Dose (mg/kg of body wt) 9.41 � 1.5 10.18 � 1.7 9.72 � 1.9 0.23

Noncompartmental pharmacokinetics
Cmax (mg/liter) 13.07 � 4.5 11.41 � 3.8 12.10 � 5.1 0.44
Tmax (h) 1.84 � 0.9 2.32 � 1.4 2.98 � 1.9 0.03d

AUC0–24 (mg · h · liter�1) 85.29 � 27.1 82.60 � 35.5 97.52 � 36.7 0.17
AUC0–
 (mg · h · liter�1) 87.53 � 27.2 87.07 � 39.9 107.73 � 56.3 0.18
MRT (h) 6.34 � 1.5 7.67 � 2.7 9.07 � 5.0 0.02c

One-compartment open model
Ka (h�1) 3.4 (1.3–8.5) 1.79 (0.8–2.8) 1.80 (0.4–3.4) 0.01b,c

t1/2abs (h) 0.20 (0.1–0.5) 0.39 (0.2–0.9) 0.39 (0.2–1.8) 0.01b,c

tlag (h) 0.34 � 0.2 0.51 � 0.4 0.65 � 0.4 0.04c

V (liters) 36.40 (29.6–45.8) 45.19 (31.3–56.8) 35.40 (28.3–44.4) 0.13
V/TBW (liters/kg) 0.651 � 0.23 0.840 � 0.31 0.632 � 0.21 0.01b,d

Ke (h�1) 0.181 � 0.06 0.208 � 0.10 0.193 � 0.08 0.58
t1/2 (h) 4.84 � 1.2 4.31 � 1.7 3.97 � 1.5 0.48
CL (liters/h) 7.73 � 3.2 8.62 � 3.9 6.04 � 1.8 0.04d

a Bold numbers are statistically significant (P 	 0.05).
b Data represent the differences in post hoc analysis for healthy volunteers versus TB patients.
c Data represent the differences in post hoc analysis for healthy volunteers versus TB-T2DM patients.
d Data represent the differences in post hoc analysis for TB-T2DM versus TB patients.
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Previous studies involving patients with TB and T2DM re-
sulted in reports of significantly higher levels of IFN-� production
in response to purified protein derivative (PPD) in diabetic than
in nondiabetic TB patients (15). Stalenhoef et al. (29) detected
lower IFN-� levels in PBMCs stimulated with MTC from TB pa-
tients with or without T2DM. These findings and the current re-
sults may appear to be contradictory because T2DM patients are
more susceptible to development of active TB; however, these pa-
tients also show alterations in the downstream signal transduction
of key Th1 and innate immune response cytokines, possibly due to
an increase in the levels of advanced glycation end products that
can bind and modify protein functions as described by Restrepo et
al. (15, 30). The current work utilized fresh serum, which could
explain why differences were not found in the levels of IFN-�
observed in TB patients with or without T2DM.

The IL-10 and TNF-� concentrations were in agreement with a
previous report (28). Several studies have reported that IL-17 is
involved in immune protection against MTC, primarily due to the
function of this cytokine in attracting and activating neutrophils
(31); Kumar et al. reported increased levels of this cytokine in
TB-T2DM patients compared with the TB group, which was in
contrast with our results (28). Other characteristics of the study
population, such as the genetic background, may have contrib-
uted to these discrepancies.

No differences between TB and TB-T2DM patients were found
in either the total numbers of cells or serum cytokine concentra-
tions. Data from animal models indicate that the adverse impact
of chronic hyperglycemia is seen in the initiation of the adaptive
immune response rather than in its magnitude. However, vari-
ability between culture conditions or the populations studied has

contributed to limiting knowledge regarding the biological basis
of the association between TB and T2DM.

Previous studies in TB-T2DM patients resulted in reports of
the noncompartmental pharmacokinetics of RIF (10, 11). Due to
the sampling of suitable time points performed in the current
study, a one-compartment open model with first-order elimina-
tion allowed us to characterize the absorption and elimination
phases. The pharmacokinetic profiles showed a better fit by add-
ing the tlag parameter. Although the Cmax average was �8 mg/liter
(which was regarded as the lower limit of the plasma concentra-
tion expected at Tmax) (13, 32, 33), levels below this value were
found in both groups of patients. This is relevant because there is
evidence that RIF’s effect is a function of the concentration found
in the blood (13, 14). Additionally, this concentration is expected
to decrease after at least 1 week of treatment, when the activity of
liver enzymes and transporters is changed by RIF induction (34).
We found a tlag of 30 min in TB patients; this is the time it took for
the drug to appear in the blood. Conversely, the tlag increased to 40
min on average in patients with TB-T2DM (P � 0.04). This pro-
cess is regulated by the duodenal efflux pump P-glycoprotein
(Pgp). Thus, saturation of the system is required to facilitate RIF’s
entry into the bloodstream (22). The increase in tlag observed in
patients with TB-T2DM could have a significant impact on the
magnitude of the bioavailability of this antibiotic in these patients
(33). This was reflected in the current study because poor glycemic
control was associated with both the increase in tlag and the de-
crease in Cmax. Additionally, the rate of absorption (Ka) was de-
creased significantly in patients with TB-T2DM due to the in-
creased tlag, and therefore the mean absorption time (t1/2abs) of RIF
increased to up to 2 h in this group of patients.

FIG 4 Correlation between pharmacokinetic parameters obtained after RIF oral administration with glycemic control and proinflammatory cytokine produc-
tion in TB-T2DM patients. Plots show the relationships between the lag times of RIF absorption and the glycemic control represented as Hba1c (%) (top left
panel), maximal concentrations of RIF and fast glycemia (top right panel), and the volume of distribution of RIF normalized by total body weight and the serum
concentration of TNF-� (bottom panel). A Pearson correlation analysis was performed for each pair; the tendency line, correlation coefficient (r), and
significance (P) are shown for each plot. A P value of 	0.05 was considered significant.
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RIF shows wide pharmacokinetic variability in the absorption
process in patients with TB. Population studies identified a high
interindividual variability of 66% to 93% that was attributed to
the absorption process and specifically to the value of Ka (19, 35).
However, this significant variation in TB patients can be explained
by a possible reduction in the intestinal area based on the extent of
malnutrition in these patients (36). For TB-T2DM patients, an-
other important aspect to consider is the lower intestinal motility
that has been previously reported in patients with diabetes; this
effect reduces gastric emptying, changes the pH level, and there-
fore delays the absorption of some drugs (37). Furthermore, the
distribution process was shown to be substantially diminished
in patients with TB, which was determined by comparing the
V/TBW ratios in patients with both pathologies.

Several studies in patients with T2DM reported a correlation
between BMI and levels of inflammatory proteins and fibrinogen,
angiotensinogen, and �1-glycoprotein. Here, the V/TBW ratio
diminished as the proinflammatory cytokine TNF-� level in-
creased in the TB-T2DM patients. One of the systemic effects of
this cytokine is the induction of cachexia (38). It is possible that
this situation could lead to a limitation in the distribution of RIF
to other tissues in patients with T2DM. Additionally, this effect is
facilitated by a decrease in blood volume because these patients
have little water reabsorption in the kidney (39).

For the TB-T2DM patients, higher HbA1c correlated with in-
creased tlag, and fasting glycemia was associated with a negative
trend for Cmax. Drug binding to albumin and �1-glycoprotein
may be reduced in the presence of poor glycemic control, possibly
due to the glycosylation of plasma and/or displacement of the
drug from the large amount of free fatty acids due to the lack of
metabolic control proteins (37, 40). Otherwise, T2DM may dam-
age the hepatic metabolism of certain drugs, although the mech-
anisms involved are unknown. Regardless, nearly complete drug
removal was observed at 24 h postdose because the plasma con-
centrations were undetectable at the time of sampling.

Chigutsa et al. (13) recently demonstrated that an AUC of
�35.4 mg · h/liter significantly improved the sterilizing activity of
RIF. This value was not achieved by two T2DM-TB patients at the
beginning of the DOTS scheme; both patients had poor glycemic
control (HbA1c � 8%), and, as expected, the Cmax was below the
threshold (8.2 mg/liter) proposed by the same study. Although
the mean AUC values did not significantly differ between groups, the
threshold value and the Cmax should be considered individually
after at least 1 week of treatment, as mentioned above. The results
reported by Chigutsa et al. suggested that the sterilizing effect
could be increased by dosing with RIF and could be applied to
design shorter treatments. Previous results obtained with diabetic
patients (10, 11) and the results of the current study demonstrate
the necessity of improving the glycemic control of TB-T2DM pa-
tients at the initiation of the DOTS scheme to achieve the desired
threshold values and maintain them throughout the course of
treatment.

The half-life of elimination (t1/2) is usually reported to be ap-
proximately 2 h after 2 weeks of treatment (10). Differences in the
t1/2 and other RIF pharmacokinetic parameters in Mexican pa-
tients were observed but should be interpreted with caution be-
cause the sampling schedule was performed on the first day of the
DOTS scheme. This is in contrast to previously published studies,
where limited sampling strategies were applied during different
TB treatment phases.

Diabetes mellitus may impair the hepatic metabolism of some
drugs. Although the mechanisms underlying this effect are uncer-
tain, they may reflect liver changes depending on the degree of
glycemic control (41). In the current work, RIF’s CL was shown to
be lower for TB-T2DM patients than for TB patients. However,
the effect of T2DM on hepatic metabolism most likely does not
have major clinical significance in the presence of reasonable gly-
cemic control (37).

In conclusion, in the current study, we characterized meta-
bolic, immune, and RIF pharmacokinetic parameters in TB-T2DM
patients. The differences in these parameters in the absence of one
or both diseases were also established. Data related to metabolic
syndrome in T2DM patients were not observed in the TB-T2DM
patients. Levels of CD8� T lymphocytes and NK cells were dimin-
ished in both the TB and TB-T2DM patients, who exhibited high
concentrations of TNF-� but low levels of IL-17. Poor glycemic
control without dyslipidemia accompanied by malnutrition was
detected in most of the TB-T2DM patients; this was clearly related
to the poor and slow absorption of RIF in terms of the lower Cmax

and larger tlag, respectively. RIF clearance was also slower in the
diabetic patients, thereby prolonging the MRT of the drug. These
metabolic and immunologic alterations affecting RIF’s pharma-
cokinetics should be taken into consideration when optimizing
anti-TB therapy for patients with T2DM.
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