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ABSTRACT Diabetes mellitus (DM) and tuberculosis (TB) are two common diseases
with increasing geographic overlap and clinical interactions. The effect of DM and
hemoglobin A1c (HbA1c) values on the pharmacokinetics (PK) and pharmacodynam-
ics (PD) of anti-TB drugs remains poorly characterized. Newly diagnosed TB patients
with and without DM starting fixed-dose, thrice-weekly treatment underwent sam-
pling for PK assessments (predose and 0.5, 2, and 6 h postdose) during the intensive
and continuation phases of treatment. The effect of DM and HbA1c values on the
maximum concentration (Cmax) of rifampin, isoniazid, and pyrazinamide and the as-
sociation between drug concentrations and microbiologic and clinical outcomes
were assessed. Of 243 patients, 101 had DM. Univariate analysis showed significant
reductions in the Cmax of pyrazinamide and isoniazid (but not rifampin) with DM or
increasing HbA1c values. After adjusting for age, sex, and weight, DM was associated
only with reduced pyrazinamide concentrations (adjusted geometric mean ratio �

0.74, P � 0.03). In adjusted Cox models, female gender (adjusted hazards ratio
[aHR] � 1.75, P � 0.001), a lower smear grade with the Xpert assay (aHR � 1.40,
P � 0.001), and the pyrazinamide Cmax (aHR � 0.99, P � 0.006) were independent
predictors of sputum culture conversion to negative. Higher isoniazid or rifampin
concentrations were associated with a faster time to culture conversion in patients
with DM only. A pyrazinamide Cmax above the therapeutic target was associated
with higher unfavorable outcomes (treatment failure, relapse, death) (odds ratio �

1.92, P � 0.04). DM and higher HbA1c values increased the risk of not achieving
therapeutic targets for pyrazinamide (but not rifampin or isoniazid). Higher pyrazin-
amide concentrations, though, were associated with worse microbiologic and clinical
outcomes. DM status also appeared to influence PK-PD relationships for isoniazid
and rifampin.
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Tuberculosis (TB) remains a global health threat, with over 10.4 million incident cases
in 2016, and it is now the leading infectious disease killer in the world (1). At the

same time, the diabetes mellitus (DM) prevalence is exploding, with its rate increasing
worldwide from 4.7% in 1980 to 8.5% in 2014, with 422 million persons currently
affected (2). A recent meta-analysis showed that the risk of TB disease is increased over
3-fold in people with diabetes compared to people without DM (3). As the geographic
overlap of areas with high burdens of each disease increases, the population risk of TB
attributable to DM is also rising and now surpasses the attributable risk from HIV
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infection, particularly in countries like India, where the DM prevalence substantially
outnumbers the HIV infection prevalence. It is estimated that up to 14% of patients with
DM are infected with Mycobacterium tuberculosis, the causative agent of TB, and in
some settings, up to 45% of patients with TB also have DM; the overall prevalence is
about 4% (4). Moreover, patients with high hemoglobin A1c (HbA1c) values or who
require insulin therapy, markers for poorly controlled or severe DM, seem to be at a
particularly high risk for TB disease (5, 6).

DM has been shown to negatively impact TB treatment outcomes. One possible
explanation for these findings is that patients with DM tend to have a higher myco-
bacterial burden at treatment initiation than patients without DM, perhaps because of
immune dysregulation (7). The time that it takes for sputum cultures to convert from
positive to negative with treatment may be longer in people with DM (8, 9). More
importantly, the risk of treatment failure or relapse appears to be higher in people with
DM than in those without DM in some studies (10–12) but not in others (13, 14). In one
meta-analysis, the risk of death or treatment failure was 1.7 times higher in TB patients
with DM than in those without DM (15).

If TB treatment outcomes are, indeed, worse in patients with DM, it is important to
uncover potential causal pathways so that appropriate interventions can be employed.
TB is treated with multidrug therapy—rifampin, isoniazid, pyrazinamide, and etham-
butol—for the first 2 months of treatment (the intensive phase), followed by rifampin
and isoniazid for the 4-month continuation phase. If drug concentrations are lower in
patients with DM (or in the subgroup with high HbA1c values), then this may, in part,
explain the poor treatment responses. In that case, higher drug doses might be
beneficial. If, on the other hand, poor outcomes are related simply to increased age,
increased weight, or poor glycemic control, then lengthening the treatment duration or
treating DM more aggressively may be a better strategy for improving outcomes in
patients with DM-associated TB. To complicate things further, metformin (used globally
as a first-line treatment for DM) has immunomodulatory properties and may decrease
TB-related mortality (16).

A few studies have evaluated the effect of DM on the pharmacokinetics (PK) of
antituberculosis drugs, and the results have been mixed, with some reporting lower
anti-TB drug concentrations in people with DM (17–20) and others showing no effect
of DM on first-line drug exposures (21–23). In the context of a large prospective cohort
study involving patients with and without DM in India, we evaluated the effects of DM
(and the HbA1c value) on first-line anti-TB drug pharmacokinetics. We then assessed
the pharmacokinetic-pharmacodynamic (PD) relationships, specifically looking at the
association between drug exposures and microbiologic outcomes (culture conversion
over time on treatment), taking into account key factors that may influence outcomes,
such as DM. Lastly, we performed exploratory analyses to investigate the relationships
between drug concentrations and clinical outcomes in patients with and without DM.

RESULTS
Study subjects. Of the patients enrolled into the longitudinal cohort study, 243

individuals received thrice-weekly dosing and completed at least one PK visit. Among
them, 223 (92%) had PK sampling during the intensive phase and 200 (82%) partici-
pated in PK sampling during the continuation phase. Of the 243 participants, 101
(41.6%) had DM. Of these, 45 (44.6%) were taking metformin. Participants with DM were
older (median age, 48 versus 26 years), heavier (50.8 versus 45.0 kg), and more likely to
be male (77% versus 61%) than participants without DM (Table 1). The baseline
bacterial burden and the proportion of patients with cavitary disease were similar
between the two groups. The median value of HbA1c during the intensive phase was
7.9% (interquartile range [IQR]: 6.5, 10.1) in the DM group and 5.3% (IQR: 5.0, 5.6) in the
group without DM (P � 0.001). The median value of HbA1c during the continuation
phase was 10.8% (IQR: 5.8, 12.6) in the DM group and 5.4% (IQR: 5.0, 5.7) in the patients
without DM. The average doses of rifampin, isoniazid, and pyrazinamide were 9.9
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mg/kg of body weight (95% confidence interval [CI], 9.7, 10.1 mg/kg), 13.20 mg/kg
(95% CI � 12.9, 13.5 mg/kg), and 33.0 mg/kg (95% CI, 32.3, 33.7 mg/kg), respectively.

Effect of DM and HbA1c values on the PK of anti-TB drugs. PK parameter values
(maximum concentration [Cmax] and partial area under the concentration-time curve
[AUC] over 6 h [AUC0 – 6]) and concentration-time profiles, by DM status, are shown in
Table 2 and Fig. S1 in the supplemental material. Of note, PK-PD analyses used the Cmax

to avoid bias in the values of AUC0 – 6 attributed to the delayed absorption in diabetic
patients. The Cmax for rifampin was similar among patients with and without DM.
Similarly, there were no differences in the rifampin Cmax by HbA1c category (�5.6%, 5.7
to 6.5%, and �6.5%) (Table S1). The isoniazid Cmax was lower in patients with DM than
in patients without DM during the intensive phase of TB treatment, but this difference
did not remain statistically significant in models adjusting for age, sex, and weight. The
odds of the time to the maximum concentration (Tmax) of isoniazid being observed at
6 h versus 2 h was significantly higher in patients with DM than in patients without DM
(odds ratio [OR] � 2.10, 95% CI �1.30 to 3.40, P � 0.002). Pyrazinamide was given
exclusively in the intensive phase. The pyrazinamide Cmax was significantly lower in
diabetic patients than in nondiabetic participants (21.6 versus 32.8 �g/ml), even after
adjusting for age, weight, and sex (adjusted geometric mean ratio [aGMR] � 0.74; 95%
95% CI � 0.56 to 0.97, P � 0.03).

Reaching the therapeutic targets of anti-TB drugs. Commonly cited therapeutic
targets for rifampin, isoniazid, and pyrazinamide are 8 �g/ml, 3 �g/ml, and 35 �g/ml,
respectively. Overall, 79.3% of all study participants had rifampin Cmax values below the
therapeutic target, and there was no difference between groups (Fig. 1). For isoniazid,
a smaller proportion of patients (about 15%) had Cmax values below the target. During
the intensive phase, 20.2% of TB patients with DM and 11.7% of those without DM had

TABLE 1 Baseline demographic information for Indian patients with pulmonary TB, comparing those with diabetes to those without
diabetes

Characteristic

Values for patients with:

P valueNo DM (n � 142) DM (n � 101)

Median (IQR) age (yr) 26.0 (23.0, 35.0) 48.0 (40.0, 55.0) �0.001

No. (%) of patients by sex
Male 86 (60.6) 78 (77.2) 0.006
Female 56 (39.4) 23 (22.8)

Median (IQR) wt (kg) 45.0 (38.9, 49.0) 50.8 (44.0, 60.0) �0.001
Median (IQR) ht (cm) 160.0 (152.0, 166.0) 160.0 (152.0, 165.0) 0.61
Median (IQR) BMIa 17.0 (15.6, 19.1) 20.5 (18.0, 23.5) �0.001
Median (IQR) HbA1c value (%) 5.6 (5.3, 5.9) 8.9 (6.8, 11.6) �0.001

No. (%) of patients with the following bacterial burden:
High 18 (12.9) 9 (9.4)
Medium 54 (38.6) 47 (49.0) 0.33
Low 47 (33.6) 25 (26.0)
Very low 19 (13.6) 15 (15.6)

No. (%) of patients with cavitary disease:
No 70 (55.1) 38 (48.7) 0.37
Yes 57 (44.9) 40 (51.3)

No. (%) of patients with:
Infiltrate
Unilateral 19 (15.1) 11 (14.7) 0.54
Bilateral 105 (83.3) 64 (85.3)
Unknown 2 (1.6) 0 (0.0)

No. (%) of patients with pleural disease
No 105 (82.7) 71 (91.0) 0.096
Yes 22 (17.3) 7 (9.0)

aBMI, body mass index.
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isoniazid Cmax below the target (P � 0.082), while 63.8% of the patients with DM and
34.4% of the patients without DM had pyrazinamide concentrations below the target
(P � 0.001). Further, pyrazinamide concentrations decreased as the HbA1c value
increased (Fig. 2).

PK-PD analyses. (i) Microbiologic results. PK-PD analyses were performed to
assess the relationship between drug concentrations and microbiologic outcomes
(culture results over time), taking into account factors that may influence treatment
outcomes in patients with and without DM. In univariate models, female sex and a

TABLE 2 Geometric means and univariate and adjusted geometric mean ratios with 95% CI comparing the Cmaxs and the AUC0 – 6 of anti-
TB drugs in patients with DM versus patients without DMa

Drug, phase, and parameter

Geometric mean value
for patients with:

GMR (95% CI)
P value
for GMR

Adjusted GMR
(95% CI)

P value for
adjusted GMR

No
diabetes Diabetes

Rifampin
Intensive phase

Cmax (�g/ml) 4.32 3.63 0.84 (0.62, 1.14) 0.26 0.75 (0.48, 1.19) 0.22
AUC0–6 (�g · h/ml) 15.34 12.19 0.79 (0.60, 1.05) 0.11 0.79 (0.55, 1.15) 0.22

Continuation phase
Cmax (�g/ml) 2.98 3.81 1.28 (0.90, 1.82) 0.17 1.00 (0.67, 1.49) 0.99
AUC0–6 (�g · h/ml) 11.13 14.46 1.30 (0.92, 1.84) 0.14 1.08 (0.73, 1.61) 0.69

Isoniazid
Intensive phase

Cmax (�g/ml) 7.91 5.97 0.75 (0.58, 0.98) 0.03 0.77 (0.56, 1.03) 0.08
AUC0–6 (�g · h/ml) 26.84 20.0 0.75 (0.57, 0.97) 0.03 0.74 (0.54, 1.01) 0.06

Continuation phase
Cmax (�g/ml) 7.63 7.42 0.97 (0.72, 1.32) 0.86 0.82 (0.53, 1.27) 0.38
AUC0–6 (�g · h/ml) 26.79 23.79 0.89 (0.65, 1.21) 0.45 0.75 (0.50, 1.14) 0.18

Pyrazinamide, intensive phase
Cmax (�g/ml) 32.75 21.59 0.66 (0.51, 0.85) 0.002 0.74 (0.56, 0.97) 0.03
AUC0–6 �g · h/ml) 128.43 80.89 0.63 (0.49, 0.80) �0.001 0.65 (0.49, 0.86) 0.003

aThe models are adjusted for age, sex, and weight. Visit 1 was during the intensive phase of TB treatment, while visit 2 took place during the continuation phase of
TB treatment. GMR, geometric mean ratio.

FIG 1 Proportion of patients with and without diabetes mellitus who achieved the therapeutic target
concentrations of rifampin (RMP), isoniazid (INH), and pyrazinamide (PZA).

Alfarisi et al. Antimicrobial Agents and Chemotherapy

November 2018 Volume 62 Issue 11 e01383-18 aac.asm.org 4

https://aac.asm.org


lower baseline bacterial load were significantly associated with a shorter time to culture
conversion, whereas a higher pyrazinamide Cmax was associated with a longer time to
culture conversion (Table 3). In multivariate models that included diabetes status, age,
sex, weight, baseline bacterial burden, and the rifampin, isoniazid, or pyrazinamide
maximum concentration, female sex (adjusted hazard ratio [aHR] � 1.76, 95% CI � 1.26
to 2.45, P � 0.001), a lower baseline bacterial load (aHR � 1.37, 95% CI � 1.16 to 1.63,
P � 0.001), and a higher pyrazinamide Cmax (aHR � 0.99, 95% CI � 0.98 to 1.0, P �

0.006) were independently associated with a shorter time to culture conversion. In
addition, having a pyrazinamide Cmax above the therapeutic target (35 �g/ml) was
associated with an increased time to culture conversion in the multivariate model (aHR �

0.72, 95% CI � 0.54 to 0.98, P � 0.04). As this was a surprising finding, we performed
subanalyses in patients with and without DM. In patients without DM, while sex and
baseline bacterial load remained statistically significant in multivariate models, the
concentrations of isoniazid, rifampin, and pyrazinamide were not statistically signifi-
cantly associated with the time to culture conversion (all P values were �0.5) (Table 4).
In patients with DM, in the multivariate model, higher rifampin (aHR � 1.05, 95% CI �

1.03 to 1.09, P � 0.001) and higher isoniazid (aHR � 1.08, 95% CI � 1.04 to 1.12, P �

0.001) values were positively associated with a hazard of culture conversion, while
pyrazinamide concentrations were negatively associated (aHR � 0.96, 0.95 to 0.98, P �

0.001).
Regarding 8-week culture conversion, a commonly used early biomarker of the

treatment response in trials, among those with and without DM, 83.91% and 82.50%
had converted their sputum to negative by 8 weeks of treatment, respectively (Table 3).
In multivariate models, female sex (adjusted odds ratio [aOR] � 3.44, 95% CI � 1.25 to
9.45, P � 0.02) and a lower baseline bacterial burden (aOR � 1.74 95% CI � 1.14 to 2.65,
P � 0.01) were associated with a higher likelihood of 8-week culture conversion.
Pyrazinamide exposure was negatively associated with 8-week culture conversion, but
only in those with DM (aOR � 0.94, 95% CI � 0.96 to 1.03, P � 0.02) (Table S3B).

(ii) Clinical outcomes. The purpose of these analyses was to explore the effect of
drug exposures on clinical outcomes (failure, relapse, and death), taking into account
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FIG 2 Maximum concentration (Cmax; indicated on the x axis [in micrograms per milliliter]) of pyrazinamide (PZA)
(A), isoniazid (INH) (B), and rifampin (RMP) (C) by HbA1c value in the intensive phase.
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potential confounders, in patients with and without DM. Overall, there were 61
participants with an unfavorable outcome; 26 had DM and 35 did not. There were 14
deaths (6 in DM patients, 8 in non-DM patients), 23 failures (8 in DM patients, 15 in
non-DM patients), and 28 relapses (12 in DM patients, 16 in non-DM patients). In a
multivariate model that included DM status, age, sex, weight, baseline bacterial load,
and Cmax values for all drugs, only the baseline bacterial load was statistically signifi-
cantly associated with the odds of a composite unfavorable outcome (aOR � 0.66,

TABLE 3 Time to culture negativity and percentage of patients with conversion of sputum culture to negative by 8 weeks of therapy, by
characteristica

Characteristic
Median TTN (days
[95% CI]) HR (95% CI)

P value
for HR

No. (%) of patients
with culture
conversion at 8 wk

P value for
culture conversion

DM
Yes 39 (30, 43) 1.08 (0.82, 1.41) 0.59 73 (83.91) 0.79
No 39 (28, 42) 99 (82.50)

HbA1c value (%)
�5.6 39 (28, 42) 1.07 (0.92, 1.26) 0.37 78 (83.87) 0.59
5.6–6.5 39 (28, 42) 0.92 (0.66, 1.28) 0.61 45 (78.95)
�6.5 37 (28, 43) 1.18 (0.86, 1.62) 0.31 49 (85.96)

Age (yr)
�50 39 (30, 42) 0.85 (0.62, 1.17) 0.32 138 (83.13) 0.92
�50 40 (28, 56) 33 (82.50)

Sex
Male 41 (37, 44) 1.54 (1.15, 2.07) 0.004 106 (79.10) 0.04
Female 28 (27, 39) 65 (90.28)

Bacterial burden
High 42 (39, 85) 1.40 (1.18, 1.66) �0.001 17 (73.9) 0.01
Medium 42 (39, 53) 67 (75.28)
Low 31 (28, 42) 58 (92.06)
Very low 26 (16, 34) 26 (92.86)

Cavity
No 42 (34, 52) 0.88 (0.64 1.19) 0.42 82 (81.19)
Yes 44 (39, 54) 81 (84.38)

Rifampin Cmax

Below target 39 (31, 42) 1.10 (0.74 1.64) 0.65 133 (82.6) 0.77
Above target 40 (27, 43) 38 (84.44)

Isoniazid Cmax

Below target 43 (28, 57) 1.10 (0.79 1.52) 0.58 21 (80.77) 0.74
Above target 39 (30, 42) 151 (83.43)

Pyrazinamide Cmax

Below target 37 (28, 40) 0.72 (0.54 0.95) 0.02 80 (89.89) 0.02
Above target 41 (30, 42) 81 (77.14)

aTTN, time to culture negativity; HR, hazard ratio.

TABLE 4 Exposure-response relationships between anti-TB drugs and time to culture
conversion, in adjusted models, by diabetes status

Characteristic

No diabetes Diabetes

aHR 95% CI P value aHR 95% CI P value

Age 0.99 0.97, 1.00 0.07 0.98 0.96, 1.0 0.04
Sex 1.78 1.20, 2.65 0.004 1.69 0.81, 3.54 0.17
Wt 1.02 1.0, 1.04 0.1 1.0 0.98, 1.01 0.73
Baseline bacterial burden 1.41 1.09, 1.84 0.01 1.38 1.06, 1.78 0.02
Rifampin Cmax 1.00 0.95, 1.05 0.99 1.05 1.03, 1.09 �0.001
Isoniazid Cmax 1.00 0.96, 1.05 0.96 1.08 1.04, 1.12 �0.001
Pyrazinamide Cmax 1.0 0.98, 1.00 0.55 0.96 0.95, 0.98 �0.001
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CI � 0.47 to 0.93, P � 0.02). Even in analyses stratified by DM status, drug concentra-
tions were not significant predictors of a composite unfavorable outcome. When we
performed exploratory multivariate analyses separately for death, relapse, and failure,
we found no clear predictors for death or relapse. However, there was a trend
toward an association between pyrazinamide exposure and a risk of failure (adjusted incidence
rate ratio [aIRR] � 1.02, 95% CI � 1.0 to 1.05, P � 0.05). Among those with DM with poorly
controlled DM (defined as an HbA1c value of �8%), in the univariate analysis, the
baseline bacterial load (IRR � 0.36, 95% CI � 0.18 to 0.72, P � 0.004) and a higher
pyrazinamide exposure (IRR � 1.08, 95% CI � 1.4 to 1.12, P � 0.001) were associated
with an increased risk of failure, but in the multivariate analysis, the effect of pyrazin-
amide did not reach statistical significance (aIRR � 1.12, 95% CI � 0.99 to 1.27, P �

0.08) (Table S4). Univariate analysis of the proportion of patients who had drug
concentrations above or below the therapeutic target showed that a pyrazinamide
concentration above the therapeutic target was associated with a higher odds of an
overall unfavorable outcome (OR � 1.92, 95% CI � 1.03 to 3.59, P � 0.04) (Table S5);
this trend, though not significant, was also observed among patients with HbA1c values
of �8 (OR � 3.8, 95% CI � 0.93 to 15.57, P � 0.06).

DISCUSSION

In this study, conducted among Indian patients with pulmonary TB, we found that
rifampin concentrations were universally low and that the concentrations of isoniazid
and pyrazinamide were reduced in patients with DM compared to those in patients
without DM. Surprisingly, however, high pyrazinamide concentrations were associated
with a longer time to sputum culture conversion. In subgroup analyses, in patients
without DM, drug concentrations did not have an impact on microbiologic outcomes,
but in patients with DM, the time to culture conversion was positively associated with
isoniazid and rifampin concentrations and negatively associated with pyrazinamide
levels. To our knowledge, this is the first study to show differences in PK-PD relation-
ships in patients DM with versus patients without DM.

What is the mechanism by which DM reduces anti-TB drug exposures, and why does
the effect vary by drug? In our study, rifampin levels were low in the majority of
patients, and the levels of this drug were not different by DM status. In the first study
to look at the relationship between DM and rifampin PK, investigators in Indonesia
found that rifampin exposures were significantly reduced in patients with DM com-
pared to patients without DM who were age and sex matched (17). A subsequent study
by the same group, however, showed that these differences disappeared when weight
was a matching factor (22). Data from other settings are mixed, with some studies
showing a reduced and slower absorption of rifampin (with a lower Cmax) with DM (18,
19) and others showing no meaningful effect of DM on rifampin PK (21). It is likely that
discrepancies in the results can be attributed to differences in demographics, DM
severity, drug dosing, and study design. While it is reassuring that DM did not impact
rifampin concentrations meaningfully in our study (and, thus, that patients with DM do
not necessarily need different dosing than patients without DM to achieve similar
exposures), it is alarming that such a large portion of patients had low levels overall.
The patients in our study were given a dose of 450 mg of rifampin thrice weekly, a dose
that is too low for intermittent dosing and has been associated with worsened clinical
outcomes (24). Higher, daily doses are needed; daily dosing is now the norm in India.
Patients with DM did have lower isoniazid exposures than patients without DM, but this
was true only during the intensive phase, and in multivariate models with adjustment
for weight, the effect of DM on isoniazid concentrations was less pronounced. The PK
of pyrazinamide were impacted most dramatically by DM, with 67% of patients without
DM and 36% of patients with DM achieving target pyrazinamide Cmax values of 35
�g/ml or higher. This effect was not mitigated after adjusting for other factors. These
results are in keeping with the results from other studies that reported lower pyrazi-
namide and isoniazid Cmax concentrations in DM patients in the intensive phase, even
after adjusting for possible confounders (23, 25).
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For isoniazid, reductions in drug concentrations in patients with DM were in part
attributable to using fixed doses rather than adjusting for weight, with diabetics being
heavier than patients without DM, though strict milligram-per-kilogram dosing (rather than
the use of data-informed weight banding) also results in poor uniformity across individuals
of different weights (26). We observed that the time to the maximum concentration (Tmax)
of isoniazid was more commonly delayed in patients with DM, suggesting that lower
concentrations may also be related to DM-induced changes in intestinal motility (27, 28).
Diabetes may also affect P-glycoprotein transporter expression and activity, which may, in
turn, affect anti-TB drug absorption (29, 30). However, isoniazid and pyrazinamide are not
known to be substrates of P-glycoprotein. Isoniazid is a drug that gets metabolized mainly
through N-acetyltransferase 2 (NAT2), the expression of which has been associated with
obesity, at least in children (31, 32). Whether or not NAT2 activity or cytochrome P450 2E1
is meaningfully impacted by DM is unknown (33–36). In our study, most patients had
relatively high isoniazid levels, likely because the members of the local population are
mostly slow NAT2 acetylators and the isoniazid dose was 600 mg.

Pyrazinamide is a prodrug that gets metabolized by deamidase to form the active
metabolite pyrazinoic acid (POA), which, in turn, gets metabolized to 5-hydroxy-
pyrazinoic acid (5-OH-POA) by xanthine oxidase (37). Xanthine oxidase also metabolizes
pyrazinamide to 5-hydroxypyrazinamide (5-OH-PZA) (38, 39). Interestingly, DM has
been shown to increase the plasma and hepatic levels of xanthine oxidase significantly
in animals with type 1 DM (40, 41). One study was conducted in Malaysia among 650
patients with type 2 DM and 280 healthy participants to evaluate the effect of glycemic
control on xanthine oxidase and antioxidant indices. The investigators found that
patients with type 2 DM had higher levels of xanthine oxidase with a strong association
between HbA1c values and oxidative indices (42). Similar results were found in subse-
quent studies (43–45). Interestingly, a study involving six healthy participants to
examine the effect of the coadministration of pyrazinamide with allopurinol, a xanthine
oxidase inhibitor, showed that there was a significant increase in POA and 5-OH-PZA
exposure (46). One might speculate, based on these data, that the DM-induced
xanthine oxidase elevation contributes to reductions in pyrazinamide concentrations,
but that has yet to be proven.

Should patients with DM get higher anti-TB drug doses? One might argue that DM
patients should receive higher doses of isoniazid (particularly if they are heavier) and
pyrazinamide based simply on PK differences between people with and without DM. In our
study, higher isoniazid and rifampin exposures were associated with a shorter time to
culture conversion in patients with DM but not in patients without DM. The reasons for this
are unknown but may be related to the dysregulation of immune responses in DM and, in
that setting, an increased role for antimicrobial agents in eradicating the pathogen (47–52).
Therefore, ensuring adequate doses of isoniazid (which brings down the bacterial burden
quickly) and rifampin (which is the key sterilizing agent) is especially important in DM.
Further, and unexpectedly, in our study, there was an inverse relationship between pyr-
azinamide concentrations and the time to culture conversion, and this effect seemed to be
restricted to patients with DM. While we did not have the power to explore PK-PD
relationships for relevant clinical outcomes fully, there was a trend toward a higher risk of
failure with higher pyrazinamide exposure over the observed concentration range.

What might explain this negative relationship between pyrazinamide concentra-
tions and TB treatment outcomes in DM? One possibility is that DM potentiates
pyrazinamide-associated side effects (hypothetically, through increasing xanthine oxi-
dase expression and increasing the production of more toxic metabolites) and that this
toxicity occurs more commonly in patients with higher drug levels, thus leading to
reduced adherence. Since pyrazinamide is part of a fixed-dose combination, not taking
pyrazinamide means also not taking companion drugs. However, we are not aware of
reduced adherence in patients with DM in our study. Another potential explanation is
that there is a concentration range for pyrazinamide that is more commonly experi-
enced by diabetics and for which there is antagonism with isoniazid and/or rifampin (53,
54), two drugs that are needed more critically in patients with DM than in those without.
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A third possibility is that the positive effects of metformin in DM are somehow antagonized
by pyrazinamide (16, 55). Another possibility may be attributed to the effect of pyrazin-
amide in inhibiting PARP1, a protein that is involved in activation of different monocytes
and T cells involved in inflammation and immunity (56). TB starts by inhalation of M.
tuberculosis bacilli that then invade alveolar macrophages, replicate, and spread to thoracic
lymph nodes, where the antigen-specific T cells initiate a cascade of cytokine activity to
target infected macrophages, providing effective antimicrobial activity. In chronic hyper-
glycemic animals, the presence of inflammatory cells and mediators is comparable to and
sometimes higher than that in euglycemic animals; however, there is a delay in the cellular
immune response. This was also manifested in inadequate binding and ingesting of the
peripheral blood monocytes with M. tuberculosis in patients with type 2 diabetes (57). A
speculated mechanism for the defective ability of macrophages to respond to M. tubercu-
losis in patients with diabetes may be due to the reduction in nitric oxide production and
H2O2 in the macrophages (58, 59), processes in which PARP1 is actively involved (60, 61).
Therefore, one may speculate that the effect of pyrazinamide inhibition of PARP1 on the
immune modulation may be more important in diabetic patients, which may, in turn,
explain why higher concentrations of pyrazinamide in diabetic patients and patients with
HbA1c values above 8% were associated with a longer time to culture conversion and a
higher incidence of failure.

This is not the only situation in which pyrazinamide has been observed to have
adverse effects: in one study of patients with TB meningitis and HIV infection, pyrazi-
namide concentrations in the cerebrospinal fluid were strongly correlated with neuro-
logic toxicity and mortality (62). Whether or not differences in physiology, including in
the microenvironments where TB must be killed to cure the patient, exist between
patients with DM and other TB patients is unknown. Further, one-size-fits-all PK targets,
which are based more on population norms than on careful PK-PD analysis, may not fit
all.

Untangling the contributors to unfavorable treatment outcomes in diabetic patients
will be important so that the right measures can be taken to give these patients the
best possibility for cure without relapse. Some studies, including ours, found that
patients with DM have a higher baseline bacterial load than patients without DM (14),
and in that case, intensification of treatment (by dose or duration) may perhaps help.
Others have shown that controlling DM may result in better TB outcomes (6, 63, 64), in
which case enhanced care for DM may be beneficial. Assuming that the time to culture
conversion represents an early biomarker of drug activity with regard to the prevention
of failure or relapse (65), our study suggests that ensuring adequate concentrations of
isoniazid and rifampin, which we found were associated with a reduced time to culture
conversion, is important for DM-associated TB treatment success. Whether or not the
PK-PD relationships seen with higher, daily dosing (whereby unfavorable outcomes are
expected to be rarer) are similar in nature to those seen with thrice-weekly dosing
remains to be studied (66–68). Further, the reasons for the apparent negative relation-
ship between pyrazinamide concentrations (in the range experienced by our patients)
need to be uncovered, after first checking to see if these results are replicated in other
large cohort studies in different populations. Further studies may focus on the effects
of DM on pyrazinamide metabolic pathways and immune modulators as well as
pyrazinamide PK-PD relationships across a broader range of pyrazinamide doses in
diabetic patients.

Our study has several limitations. First, our PK sampling scheme was imperfect,
especially in this patient cohort, which included many patients with delayed and
prolonged absorption (the concentration in the sample collected at 0.5 h was often
below the limit of quantitation and that in the sample collected at 6 h was higher than
that in the sample collected at 2 h in most patients, so we could not characterize
absorption or clearance well to estimate the daily AUC; subsequent patients in our
cohort had sampling at 1 h and 8 h). For most anti-TB drugs, though, these are the time
points at which samples for therapeutic drug monitoring are typically collected (to
capture Cmax), allowing us to compare data across studies. Second, our analyses of the
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relationship between drug exposures and clinical outcomes could only be exploratory,
as there was not power to explore these associations fully. Further, we did not adjust
for multiple comparisons in our analyses, so it is possible that some associations were
present by chance. However, we hope that discoveries made in these exploratory
analyses will inspire investigations in other cohorts that will help inform TB-DM
management best practices. We did not account for antidiabetic drug adherence or
diabetic complications in this set of analyses. Also, weight was collected only at the
baseline visit, so we cannot provide information about weight gain during the study
(though drugs were not dosed by weight). Of the 61 patients who did have baseline
and follow-up values, weight gain was the norm (54 to 59 kg in patients with DM, 44
to 51 kg in patients without DM). Despite these limitations, our study demonstrates the
low anti-TB drug concentrations achieved for patients with DM and the associations
between drug concentrations and unfavorable outcomes that appear to be restricted
to diabetic patients.

Conclusion. Patients with DM had lower concentrations of isoniazid, mostly related
to higher weight, and slower isoniazid absorption. Rifampin concentrations were not
affected by DM or HbA1c values. Pyrazinamide concentrations were lower in patients
with DM than in those without DM, even after adjusting for weight. Despite low
pyrazinamide concentrations, over the range of pyrazinamide concentrations observed,
there was a negative PK-PD relationship with microbiologic outcomes, leading us to
wonder about the mechanism by which pyrazinamide is potentially harmful in patients
with DM. In diabetics, isoniazid and rifampin concentrations were important predictors
of treatment outcome, and so it is especially important that these drugs achieve
therapeutic concentrations in diabetics. It will be important to explore whether the
PK-PD relationships that we observed to be different in patients with DM versus
patients without DM are seen in other cohorts and/or in other disease states (e.g., TB
meningitis).

MATERIALS AND METHODS
Study population. Adult patients (age, �18 years) with newly diagnosed smear-positive or smear-

negative pulmonary TB were recruited between 23 December 2013 and 4 January 2017 from the
Byramjee-Jeejeebhoy Government Medical College-Sassoon General Hospitals (BJGMC-SGH) clinical
research site (CRS) in Pune, India. BJGMC-SGH is a Maharashtra State Government-run public-sector
teaching hospital and receives referrals of eligible participants from Revised National TB Control Program
(RNTCP) centers in Pune and Pimpri-Chinchwad municipal corporations. BJGMC-SGH serves a population
of approximately 7 million in the surrounding urban, semiurban, and rural low-income populations. The
study also enrolled eligible participants from the Dr. D. Y. Patil Medical College, Pune, India, a private
medical college affiliated with a large hospital, beginning in July 2016. The following were exclusion
criteria: �1 week of TB treatment at the time of screening, infection with an M. tuberculosis strain
resistant to rifampin or isoniazid, HIV coinfection, and pregnancy. Patients were considered to have DM
if they had an HbA1c value of �6.5%, a fasting blood glucose concentration of �126 mg/dl, or a random
blood glucose level of �200 mg/dl or if they self-reported as having DM or were taking medications for
DM. The study was approved by the ethics committees of the participating sites. All participants provided
written informed consent.

Study procedures. Patients with newly diagnosed pulmonary TB were screened for DM as part of a
prospective cohort study in which patients with and without DM initiating treatment for TB were
followed for treatment outcomes (69). Study participants received standard TB treatment through the
RNTCP. At the time of the start of the study, standard treatment was given thrice weekly, as follows:
rifampin at 450 mg, isoniazid at 600 mg, pyrazinamide at 1,500 mg, and ethambutol at 1,200 mg during
the intensive phase of TB treatment, followed by rifampin and isoniazid (at the same doses) during the
continuation phase. This PK-PD study involves those study participants who received thrice-weekly
treatment, prior to a nationwide change in dosing frequency to daily. Participants were followed for 18
months to assess TB treatment outcomes (cure, treatment completion, death, treatment failure, or loss
to follow-up) and relapse. Failure was defined as having a sputum culture that remained positive �4
months after the start of treatment. Relapse was defined as TB recurrence after completion of TB
treatment up to the 18-month follow-up visit. All-cause mortality was assessed through the 18-month
follow-up visit by study staff.

During the first 2 months of TB treatment, participants underwent study visits every 2 weeks. During
the continuation phase of TB treatment, participants had monthly visits. Follow-up visits were also
scheduled at 12 and 18 months. Anthropomorphic measurements were taken at baseline and then 3 and
6 months after the initiation of TB treatment. HbA1c values and fasting glucose levels were measured at
baseline and 3, 6, and 12 months. Sputum specimens for detection of acid-fast bacilli (AFB) and culture
on liquid medium (MGIT) were collected at baseline, and sputum specimen collection was repeated at
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each study visit up until the 6-month visit. A sputum specimen for culture was also collected during
follow-up if there were clinical signs or symptoms of TB. The baseline bacterial burden was quantified
using the Xpert MTB/RIF assay, which gives ordered categorical quantification of the bacterial DNA
concentration based on the cycle threshold (CT) value of the device (high, medium, low, and very low)
required to detect the organism: higher values mean a lower bacterial burden. The MGIT culture results
were displayed as “detected” if there was mycobacterial growth and “not detected” if there was no
growth. Sparse PK sampling for rifampin, pyrazinamide, and isoniazid was performed once during the
intensive phase (weeks 4 to 6) and once during the continuation phase (weeks 10 to 12). PK samples
were collected predose and then at 0.5, 2, and 6 h postdose. The therapeutic target concentrations
considered in this analysis were 8 �g/ml, 3 �g/ml, and 35 �g/ml for rifampin, isoniazid, and pyrazin-
amide, respectively (70–72).

Drug quantification in plasma. Blood was collected into a heparinized Vacutainer tube, and the
plasma was separated by centrifugation. Ascorbic acid was added to the plasma to prevent the oxidation
of rifampin. Aliquots of plasma were stored at �80°C prior to analysis. High-performance liquid
chromatography (HPLC) was used for the drug concentration analysis (Shimadzu Corporation, Kyoto,
Japan). Acetonitrile was used for rifampin extraction using a C18 column at 254 nm for the analysis.
para-Hydrobenzaldehyde and trifluoroacetic acid were used for isoniazid and pyrazinamide extraction,
respectively, using a C8 column at 267 nm for the analysis. The retention times for rifampin, pyrazin-
amide, and isoniazid were 1.7, 3, and 5.5 min, respectively, and the lower limits of quantification were
0.25, 1.25, and 0.25 �g/ml, respectively. All the drugs had less than 10% within- and between-run
variation.

Data analysis. (i) PK analyses. Noncompartmental analysis using the Phoenix WinNonLin program
was performed for PK analyses to estimate the maximum concentration (Cmax), the time to the maximum
concentration (Tmax), and the area under the concentration-time curve (AUC) for the study drugs.
Concentrations below the limit of quantitation (BLQ) were assigned a value of BLQ divided by 2 in the
analyses. Statistical analysis was performed using the STATA program (version 14; StataCorp, College
Station, TX, USA). Results are presented as medians with interquartile ranges (IQR). The test of compar-
ison for PK parameters was the Wilcoxon rank sum test, and Pearson’s chi-square test was used for
categorical variables. To compare the differences in the Cmax between patients with DM and patients
without DM, generalized equation models were used to account for the correlation between the two PK
visits. The Cmax was expressed as the geometric mean and its 95% CI. Missing values were rare (less than
10%) and thus were omitted from the analysis. The test of normality for the variables and for the residuals
versus fitted values was performed, with data transformations being attempted for data that were not
normally distributed. The generalized estimating equation (GEE) was used to assess the effect of DM or
HbA1c values on the change in the Cmax and AUC of the anti-TB drugs. Geometric mean ratio was used
to present those PK parameters. Adjustment for the possible confounder and the selection of the final
model were done based on the QIC (quasi-likelihood under independence model criterion) value and the
scatter plots of the residuals versus the fitted values. The known clinical confounders were also
considered in the final selection of the model.

(ii) PK-PD analyses. Survival analysis and Cox regression were performed to assess the relationship
between drug concentrations and microbiologic outcomes, adjusting for key variables known to affect TB
treatment outcomes (e.g., cavitary disease status) and those factors that, in univariate analysis, were associ-
ated with treatment outcome at a P value of �0.1. Variance inflation tests were performed to assess for
multicollinearity among variables. The main microbiologic outcome was the time to culture negativity,
defined as the time from treatment initiation to sustained sputum culture negativity. Participants who had
negative cultures throughout treatment (including at the baseline visit) were excluded from the analysis. The
proportional hazard assumption was assessed using the Schoenfeld test, and model selection was done on
the basis of the Akaike information criterion (AIC) value and the clinical information for the possible
confounders. Poisson regression was used to assess the relationship between drug concentrations and clinical
outcomes, adjusting for key factors, as described above. An unfavorable treatment composite outcome was
defined as treatment failure, relapse, or death. Postmodeling diagnostics were based on the AIC (for Poisson,
linear regression, and Cox regressions) and the QIC for the generalized estimating equation model. In
addition, scatter plots of the residuals versus the fitted values were considered. Additionally, the known
clinical confounders were considered in the model.
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